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1.   INTRODUCTION 1  
1   Introduction 
 
Electronic properties of solids are vitally important for modern technology, one may think of 
microelectronics, magnetic data storage, communication technologies and others. Sometimes, 
it seems possible to postpone the step of fundamental understanding when starting the 
application of a new material. However, lasting success and discovery of principally new 
approaches is based on it.   
 
Electronic properties of 3d transition metal oxides (i. e. Ti, Mn, Fe, Cr, Co, Cu oxides) are 
much less understood than those of elemental metals, oxide ionic insulators or (lightly) doped 
classical semiconductors. One reason for this situation is the strong correlation of the “more 
or less” localized 3d electrons that, on one hand, is responsible for the rich physics of 3d 
transition metal compounds, and on the other has made theoretical description very difficult. 
Hence, unforeseen phenomena have been discovered just for some oxides of 3d metals in the 
last two decades of the 20th century: high-temperature superconductivity in cuprates, high spin 
polarization of conduction electrons in CrO2, Fe3O4 and manganites, ferromagnetism in so-
called dilute magnetic semiconductors (DMS) (titanates, ZnO), and low-dimensional 
behaviour in cuprates. All of these phenomena are based on the strong interrelation of 
magnetic and electronic (charge carriers, orbitals) degrees of freedom. Additionally, the 
crystal lattice couples to electronic modes. 
 
Early work on doped manganites (La, A)MnO3 (A = Sr; Ca; Pb; Ba) started before 1950, 
when Jonker, van Santen and Volger [Jon50a,b; Vol54] from Philips Eindhoven studied 
sintered ceramics in a search for insulating ferromagnets to be used in electrical transformers. 
Instead, they discovered ferromagnetism associated with metallic conduction in these oxides 
– how unfortunate for their original project - and a large negative magnetoresistance of 
unknown origin [Vol54]. This observation triggered the development of the theoretical 
concept of double exchange by Zener [Zen51a,b]: ferromagnetic interaction of localized d-
shell magnetic moments originates from the transfer of spin-polarized d electrons and a strong 
intra-atomar spin coupling. Another important theoretical concept developed in this context is 
the Jahn-Teller polaron (e. g. [Pol82]), meaning a lattice distortion of the oxygen octahedra 
around Mn ions that lifts the degeneracy of the 3d electronic states and occurs for the eg single 
occupation of the Mn3+ ion. A strong revival of the manganite`s research occured around 
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1995, since manganites were at an overlap of three expanding research areas: (i) they are 
similar in chemistry and certain electronic properties to cuprate superconductors and (ii) they 
could be prepared by the emerging thin film preparation techniques. (iii) Further, manganites 
showed large magnetoresistance [Hel93] and spin polarization, making them promising 
candidates for the arising spintronics technology. Meanwhile it was realized that the way into 
technology is not as straight forward for manganites as it was, e. g., for the Giant 
Magnetoresistance (GMR) devices consisting of metallic multilayers. The antiferromagnetic 
coupling of ferromagnetic layers through a non-magnetic metal and the GMR effect (cmp. 
Sec.2) had been discovered between 1986 and 1988 [Grü86, Bai88]. It is currently applied in 
a multitude of magnetic sensors including read heads of hard disk drives. On the other hand, 
physics of manganites is only partially understood and new parameters and phenomena are 
still discovered. 
This thesis work attempts to give a phenomenological introduction to the physics of 
ferromagnetic manganites in its first part. Further, I tried to assemble a consistent picture of 
magnetic and electric properties from own and some published key experiments. The 
structure of the text is as follows: Section 2 is devoted to the fundamental microscopic 
mechanisms. Section 3 is concerned with magnetic order phenomena including glassy states. 
Section 4 describes the intrinsic electrical behaviour of ferromagnetic manganites and the 
current understanding of the origin of colossal magnetoresistance (CMR). Thin film 
preparation, microstructure of films and multilayers and some magnetic / electric properties of 
films that deviate from bulk are adressed in Section 5. Examples for spin-polarized tunneling 
in trilayer films and at grain boundaries are discussed in Section 6. Finally, Section 7 is 
devoted to epitaxial film composites of manganites with ferroelectric titanates. Such 
multiferroic composites show both ferroelectricity and ferromagnetism, and may open new 
ways to electric control of magnetic properties.  
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2   Introduction: spin-polarized conduction and  
     ferromagnetic manganites 
 
2.1   Spin-polarized electron conduction 
 
Conduction electrons in ferromagnetic metals can be considered to reside in two “conduction 
channels”, with the electron spin being either parallel (“spin up”) or antiparallel (“spin 
down”) to the magnetization vector. There is no intermixing between the channels if no spin-
flip scattering occurs. The conductivities of both channels just add up to the total 
conductivity. The electronic density of states (DOS) is split into a spin-up and a spin-down 
subband (Fig.2.1a), with a relative shift of the spin-down band towards higher energy. The 
difference of the DOS in the two channels (n↑; n↓) at the Fermi energy (EF) produces the spin 
polarization of conduction electrons, P = (n↑ - n↓) / (n↑ + n↓). Note that the spin polarization 
of a current flowing in a material might differ from P due to the different velocities of n↑  and 
n↓ electrons. Depending on the transport mechanism (ballistic or diffusive), the values of n↑  
and n↓  get a weight factor including a power of the velocity, when the spin polarization of the 
current (i. e. the so-called transport spin polarization) is calculated. 
Some magnetic materials appear to have no states at EF in one of the subbands, i. e. the charge 
carriers have only one spin direction. They are called half-metals. Half-metals are particularly 
interesting for spintronics as a source of fully spin-polarized electrons. Sometimes, half-
metals are predicted by band structure calculations. Experimental verification of “complete” 
spin polarization is naturally difficult. Large spin-polarization can be proven, e. g., by  spin-
resolved photoelectron spectroscopy, Andreev reflection and large tunnel magnetoresistance 
(cmp. Sec.6.2).  
The two-channel model provides a simple picture of the best-known example of spin-
polarized conduction, the GMR effect. In a spin valve structure (Fig.1b), spin-polarized 
electrons move through a non-magnetic metal interlayer separating two ferromagnetic (FM) 
layers. Essentially, spin-dependent scattering occurs only at the interfaces. For parallel 
magnetization directions of both FM layers, spin-up electrons can pass with little scattering at 
both interfaces. Thus, the resistance of the layer stack is lower than for the case of antiparallel 
magnetization directions when spin-up electrons are scattered at the lower interface. (It is  
   SECTION 2.   SPIN-POLARIZED CONDUCTION, FERROMAGNETIC MANGANITES 4   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
assumed that the majority of electrons are in the spin-up subband.) When the metallic 
interlayer is replaced by an insulator of few nm thickness, a magnetic tunnel junction (MTJ) is 
obtained. This is the other spintronics device that already has achieved some commercial 
relevance (as a Magnetic Random Access Memory, MRAM). According to Julliere`s model 
of spin-polarized tunneling, electrons tunnel through an insulator with a probability 
proportional to the product of the occupied DOS in the start electrode and the empty DOS (at 
same energy and spin) in the final electrode [Jul75]. In case of a half-metal, tunneling is 
forbidden for the antiparallel orientation of the magnetization vectors in the FM layers. 
Hence, the alignment of the magnetization by a modest magnetic field produces a huge 
resistance drop referred to as the tunneling magnetoresistance (TMR). 
There are further devices utilizing the spin polarization of charge carriers and a magnetic field 
for the control of electrical resistance or current. Examples are the Spin Valve Transistor 
[Mon95], the Magnetic Tunnel Transistor [Dij03], and several spin injection devices (e. g. see 
[Ohn99]).
Figure 2.1: a) Schematic density of electronic states (DOS) vs. energy of a conducting ferromagnet. The 
subbands with electron spin parallel or antiparallel to the spontaneous magnetization (M) are split, resulting in 
different DOS at the Fermi level EF. b) Two-channel model of electronic conduction, with spin up and spin down 
electrons in independent channels. c) Trilayer junction comprising of two conducting ferromagnetic layers and a 
non-magnetic interlayer which is a metal in GMR junctions and an insulator in a tunnel junction, respectively. 
The small arrows indicate the spin of a majority electron moving through the layer stack and being strongly 
scattered (in case of GMR) at the interface to the electrode magnetized oppositely. 
EF 
E 
M 
D(E) 
ρ↑ 
ρ↓ 
FM
FM
    NM: GMR 
    I:      TMR 
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2.2   Oxides with high spin polarization  
 
The property of high spin polarization is restricted to a very low fraction of all ferromagnetic 
conductors. Elemental ferromagnetic 3d metals typically have P < 50 %. Interestingly, several 
Mn compounds exhibit high (transport) spin polarization: NiMnSb [Lez05], La0.7Sr0.3MnO3 
[Vir97], Tl2Mn2O7 [Ven04], and Mn doped semiconductors (e. g. (Ga,Mn)As) [Die03]. Solid 
Mn is an antiferromagnetic metal. Oxides of transition metals have rather narrow conduction 
bands (of the order of ∼1 eV); hence the bandwidth is comparable to the Stoner splitting 
energy of the spin-up and spin-down subbands (Fig.2.1a). Thus, the splitting may produce a 
half-metal-type DOS. Well-known examples of oxides with very high spin polarization are 
CrO2, La0.7Sr0.3MnO3, the double perovskite Sr2FeMoO6, and the ferrimagnet Fe3O4 with 
activated polaronic conduction; all of them reviewed in detail by Ziese [Zie02a].  
 
 
2.3 Rare earth manganites 
 
LaMnO3 is the parent compound of the so-called rare earth manganites, in the following 
briefly referred to as “manganites”. It is an antiferromagnetic insulator. The crystal lattice of 
most manganites is perovskite-like and nearly cubic (Fig.2.2). Rhombohedral, orthorhombic 
or other lattice distortions result either from tilting or from stretching (Jahn-Teller distortion) 
of the oxygen octahedra around the Mn ions. The distortions appear both for structural (ionic 
radii mismatch) and electronic (Jahn-Teller effect of Mn3+) reasons. Chemical substitution in 
LaMnO3 is possible at all lattice sites. La3+ can be replaced by the rare earth elements, Y and 
Bi, as well as by divalent (Sr, Ca, Ba, Pb), tetravalent (Ce, Te, Sn) and monovalent (K, Na) 
elements. Non-trivalent substitutions act as dopants: they induce a mixed Mn valence and, 
thereby, charge carriers. Mn can be replaced by most 3d (e. g. Ti, Ga) and some 4d (e. g. Ru) 
elements; this commonly results in a suppressed FM order (see Sec.3.2). The oxygen content 
can be enhanced or reduced with respect to 3.0, the first case meaning the existence of metal 
vacancies and the latter case oxygen vacancies in the lattice. No interstitial sites are available 
in the lattice. The Goldschmidt tolerance factor [Gol58] calculated from ionic radii for any 
ABO3 perovskite lattice,  
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accounts for which elements fit into the manganite`s lattice, and at what lattice site. B denotes 
the ion in the center of the oxygen octahedron (cmp. Fig.2.2). r(A) and r(B) denote the 
average ionic radii at A and B sites. t = 1 characterizes the cubic structure. Distorted 
perovskite-like lattices exist approximately in the range of 0.89 < t < 1.02. Most manganites 
represent the case t < 1, i. e. the ions on the A site are too small for a cubic lattice. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
2.4   Electronic structure and magnetic exchange 
 
The electronic structure of manganites is more complicated than what can be expressed in a 
single ionic scheme (Fig.2.3). Nevertheless this approach is useful in order to outline the most 
important interactions. The Mn2+, Mn3+ and Mn4+ valence states of Mn found in manganites 
have 5, 4 or 3 electrons in the 3d level. All 3d electrons have parallel spins according to 
Hund`s first rule. The Hund`s rule coupling energy UH is particularly large for Mn, about 2 
eV [Coe99]. The three lower-lying t2g levels resulting from the crystal field splitting in the 
octahedral oxygen environment form a core magnetic moment of 3 µB. These t2g↑ electrons 
Figure 2.2: Pseudocubic unit cell of the perovskite-type lattice of doped LaMnO3. Mn on the lattice B site is 
centered in an oxygen octahedron. La on the lattice A site can be replaced or partially substituted by several 
metal ions of appropriate ionic radius (see text). Non-trivalent metals act as dopands. 
Mn 
O 
 
La3+, Y, Bi, rare earths R = Pr - Tb  
 
doping : Sr2+, Ca, Ba, Pb; Ce4+, Te; K+, Na  
 A  
  B  
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are always localized in the manganites. The remaining electrons (one for Mn3+, two for Mn2+) 
occupy the eg level and are delocalised or localized depending on the case. Delocalization 
occurs via hybidization with the intermediate O 2p orbitals and is most pronounced for Mn-O-
Mn bond angles of 180o (i. e. in the cubic structure).  
Due to their parallel coupling to the Mn core moments, electrons moving with conserved spin 
are the origin of a ferromagnetic exchange interaction. Zener introduced the concept of the 
ferromagnetic double exchange [Zen51a,b] for manganites, assuming two simultaneous 
electron transfers: one electron from Mn3+ to a neighbouring O 2p orbital, and a second 
electron from this O 2p orbital to an adjacent Mn4+ ion. Final and original state of this process 
are degenerate and, thus, coexist and couple the two Mn core moments ferromagnetically. 
More generally, double exchange means a magnetic interaction mediated by itinerant spin-
polarized d electrons which couple according to Hund`s rule to localized magnetic moments 
[Dag01]. Itinerancy of electrons is energetically favourable for the gain of kinetic energy. It is 
useful to note here that this idea of double exchange ignores the role of the oxygen. This is 
possibly oversimplified. For instance, an electron hole might reside at an oxygen site between 
 
 
Mn4+ 
3d3 
 
Mn3+ 
3d4 
 
Mn2+ 
3d5 
δJT 
∆cf 
eg 
t2g 
UH 
t2g 
Jahn-Teller 
distortion 
Figure 2.3: Single ion scheme of 3d electronic states in Mn2+, Mn3+ and Mn4+ ions in perovskite 
manganites.  Abbreviations denote: ∆cf octahedral crystal field splitting, UH Hund`s rule onsite coupling 
energy, δJT Jahn-Teller splitting energy resulting from distortion of the oxygen octahedron (as scetched 
below). Large dashed arrows indicate spin-conserving electron transfer between Mn ions proceeding via 
intermediate O 2p orbitals. 
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two Mn3+ ions or may be distributed in non-integer fractions in a Mn-O-Mn pair [Dao02, 
Coe04]. In a semiclassical treatment, the double exchange leads to a specific dependence of 
the electron transfer between Mn ions on the angle Θ between their magnetic core moments: t 
= t0 cos(Θ/2) [And55]. The transfer probability varies from 1 for Θ = 0 to zero for Θ = 180o. 
This simple relation illustrates the origin of the large magnetoresistance (MR) observable in 
double exchange ferromagnets: if a magnetic field is strong enough to align the magnetic core 
moments, the resistance will drop drastically.  
Apart from double exchange, superexchange interactions via O 2p orbitals are present which 
involve both Mn t2g and eg orbitals. Superexchange interactions have been analysed in detail 
by Goodenough [Goo55], see also the Goodenough-Kanamori rules [Ata91]. The 
superexchange can be ferromagnetic or antiferromagnetic. For instance in the case of Mn3+ eg 
- O - Mn4+ eg, it depends on the orientation of the Mn3+ eg orbital. One prominent example is 
LaMnO3 that contains only Mn3+ ions. LaMnO3 has an A-type antiferromagnetic structure 
where ferromagnetic Mn3+-O-Mn3+ superexchange dominates within parallel lattice planes 
and produces a well-defined ordering of the orientation of the occupied eg orbitals, with 
neighbouring planes coupled antiferromagnetically. This example underlines the importance 
of the orbital degree of freedom for manganite physics. 
 
 
2.5   Electron lattice coupling 
 
The size mismatch of the ions substituted into the perovskite lattice (the so-called chemical 
pressure effect) causes  a reduction of the Mn-O-Mn bond angles from 180o down to 160o and 
below. Thereby, the conduction bandwidth (W) is reduced due to the smaller orbital overlap. 
Bond length changes are another consequence of varied ionic radii, this additionally may 
influence W. Most manganites have a tolerance factor t < 1, i. e. the ions on the La site are too 
small. With increasing r(A), one observes both an increasing average bond angle (enhanced 
W) and also an increasing bond length (reduced W, for a range of larger r(A)) [Rad97]. Hence, 
the ferromagnetic Curie temperature TC of R0.7A0.3MnO3 increases with r(A), but drops when 
the effect of increasing bond length starts to dominate (as observed for the large ions A = 
Pb2+; Ba2+) [Rad97]. 
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The strong Jahn-Teller effect of Mn3+ is another important microscopic mechanism of 
manganites` physics (Fig.2.3) [Mil98a]. It is an essential source of strong electron-phonon 
coupling. The deformation of the oxygen octahedron around Mn3+ ions lifts the degeneracy of 
the eg levels and reduces the electronic energy for the single eg occupation in Mn3+. (It also 
reduces the total energy.) Elongation of the O octahedron favours the occupation of the 
elongated eg 3z2 - r2 orbital, while compression favours the square eg x2 - y2 orbital. The Jahn-
Teller splitting energy is about ∆JT = 1 - 1.5 eV [Bur92, Coe99]. As a first consequence, 
moving eg electrons may be polarons comprising of the electron and the local Jahn-Teller 
distortion, and “trapping” (localization) of charge carriers by the elastic distortions may occur. 
For the metallic manganites, the Jahn-Teller distortions are dynamic, resulting in an average 
distortion of all O6 octahedra. On the other hand, JT deformations of O6 octahedra can be 
long-range ordered (orbital order, OO), as found in LaMnO3. In the case of OO, two or three 
distinct Mn-O bond lengths are detectable experimentally [Rad97], and the crystal structure is 
of lower symmetry (orthorhombic, monoclinic). In doped manganites, superstructures of the 
localized charge carriers (charge order, CO) usually accompany orbital order even though the 
idea of integer charge patterns of Mn3+ / Mn4+ has been questioned recently (e. g., [Dao02, 
Coe04]). CO/OO has been observed for numerous insulating manganites. Charge ordering is 
naturally a competing interaction to ferromagnetic double exchange, since it is based on 
localization of charge carriers. 
Most known manganites have an average Mn charge between +3 and +4, like, e. g., the 
prototype compound La2/3Sr1/3MnO3 with hole-type charge carriers. CaMnO3 is an example of 
a pure Mn4+ compound, and small substitution of, e. g., La3+ into CaMnO3 creates electron-
type charge carriers. On the contrary, few manganites with Mn charge between +2 and +3 
have been studied. Ce-, Te- and Sn-doped LaMnO3 compounds nominally belong to this 
group of electron-doped LaMnO3, although the actual doping also depends on oxygen 
stoichiometry.   For electron-doped LaMnO3, an interesting question arose about the spin 
polarization [Mit03a]: since Mn2+ has two eg electrons, the second one could reside in a t2g↓ 
(spin down) state, if UH is small enough according to UH < ∆CF + 0.5∆JT  (Fig.2.3), with the 
crystal field splitting energy ∆CF.  
For more detailed aspects of band structure, more information can be found, for instance, in 
the review articles of Gor`kov and Dagotto [Gor04, Dag01]. 
The electron-lattice coupling is reflected in several macroscopic properties of manganites, as 
for instance, in a strong lattice contraction upon cooling through the ferromagnetic TC [Iba98], 
in large or anomalous magnetostriction of some manganites [Iba98], associated structural and 
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magnetic phase transitions and strong dependence of TC on epitaxial strain in films (cmp. 
Sec.5.3).    
 
 
2.6   Magnetic and electronic phase diagrams 
 
In Sections 2.3 to 2.5, the essential contributions to the electronic energy in manganites have 
been outlined. Summarized these are (i) the kinetic energy of eg electrons, (ii) the Hund on-
site magnetic coupling between eg and t2g electron spins, (iii) the coupling of eg electrons and 
elastic distortions of MnO6 octahedra (Jahn-Teller effect), (iv) the crystal field splitting 
energy in the octahedral coordination, (v) the Heisenberg magnetic coupling between nearest-
neighbour localized electron spins, and (vi) the Coulomb interaction among eg electrons 
[Dag01]. Dominance of one or the other mechanism results in a multitude of different ground 
states. With respect to the chemical composition, the ground state of R1-xAxMnO3  depends on 
(i) the number of doped charge carriers x, (ii) the average ionic radii on La and Mn lattice 
sites and (iii) the scatter of ionic radii on La site measured by a disorder parameter σ that can 
be defined as the standard deviation of ionic radii [Tom04]. Ground states observed for 
manganites include ferromagnetic metals (frequent),  antiferromagnetic insulators (very 
frequent), ferromagnetic insulators (rare), antiferromagnetic metals (rare), glassy insulators, 
more complex canted magnetic structures and even mixed-phase states (see below). Almost 
all metallic manganites are ferromagnetic, since electron transfer causes double exchange. 
(Note that a compound is called a metal if its resistance grows with rising temperature, 
irrespective of the value of the resistivity. If the resistance decreases with rising temperature, 
both terms insulator and semiconductor are applied without clear distinction in this area of 
research.) 
Phase diagrams in dependence on temperature and doping level x can be illustrated referring 
to three prominent examples: La1-xSrxMnO3, La1-xCaxMnO3 and Pr1-xCaxMnO3 (Fig.2.4). The 
ionic radius r(A) reduces from the La-Sr system to the Pr-Ca system, leading to increasing 
distortions of the lattice and resulting suppression of the electron transfer. General features of 
the phase diagrams are the appearance of a metallic ferromagnetic (FMM) phase around x = 
0.33 which is more extended for La-Sr compounds and completely absent for Pr-Ca 
compounds (where it can be induced by application of large magnetic or electric fields). This 
metal phase is interesting for applications in spintronics since it is characterized by a high 
2.6   MAGNETIC AND ELECTRONIC PHASE DIAGRAMS   11  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Magnetic and electronic phase diagram vs. doping x for La1-xSrxMnO3 (large bandwidth), Pr1-
xSrxMnO3 (medium b. w.), Pr1-xCaxMnO3 (low b. w.) (all adapted from [Tok96]) and La1-xCaxMnO3 (medium 
b. w.) (adapted from [Sch95]). Abbreviations: F – ferromagnetic, P – paramagnetic, AF – antiferromagnetic, C 
– canted magnetic structure, TC - ferromagnetic Curie temperature, TN - Néel temperature, M – metal, I –
insulator, CO – charge ordered phase. Note that the FM phase region is reduced with decreasing band width. 
CO also exists in the low doped FI / CI region (not indicated). Regions of phase coexistence not shown. 
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spin polarization of charge carriers. Near x ∼ 0.5, the ground state changes to 
antiferromagnetic insulating (AFI) and charge ordered (CO). The same is true for low 
doping.Various AF structures are realized depending on x: A, CE, C and G type [Wol55]. At 
high temperatures, a paramagnetic (PM) and (almost always) insulating phase is 
found.Between these three fundamental phases (FMM, AFI-CO, PM) there are regions of 
more complex character. Originally, spin-canted magnetic structures have been proposed to 
exist between FMM and AFI phase regions, in particular for low doping [Gen60]. Recent 
theoretical models indicate a coexistence of two phases with either different electron densities 
(electronic phase separation) or different structural distortions [Dag01, Ahn04]. Experimental 
evidence for mixed-phase states has been collected in many ways although an unambiguous 
interpretation of some of these experiments is still difficult. Exclusion of nano-scale chemical 
inhomogeneity as the origin of the phase separation is naturally complicated. Surprisingly, the 
observed length scale of the extension of phase regions for phase-separated manganites varies 
from 1 nm to nearly 1 µm. A large extension excludes the different electronic density of the 
phases for reasons of electrostatic energy. Nuclear Magnetic Resonance (NMR) studies gave 
evidence for Mn ions with different nuclear relaxation times, attributed to a coexistence of 
ionic Mn3+, Mn4+ states and Mn ions involved in a fast itinerant eg electron transfer [Sav00, 
All97]. Scanning Tunneling Microscopy (STM) [Fät99, Bec02, Ren02] as a powerful surface-
characterizing method detected strong spatial variations of surface conductivity in a wide 
temperature range, which change under magnetic field and, moreover, can be related to 
cooperative shifts in atomic positions (CO in insulating regions) [Ren02]. Transmission 
electron microscopy (TEM) including electron diffraction was employed to distinguish 
sample regions with CO superstructures and those without [Ueh98]. Electron holography 
showed the closed flux lines of isolated FM regions in a non-FM matrix [Mur03a, Lou02]. 
Clear evidence for the presence of metallic filaments in an insulating matrix is known for Pr1-
xCaxMnO3 for x ∼ 0.3, where conduction paths have been directly imaged [Fie98]. Huge 
random telegraph noise (RTN) of the electrical resistance observed in thin films and crystals 
has been attributed to dynamic fluctuations of sample regions between two phases of different 
conductivity [Raq00, Hes01, Pod00]. Recently, polarized small angle neutron diffraction 
experiments [Sim02, Vir04] were interpreted to show a sheet-like distribution of two phases 
of few nm width (nick-named a “red cabbage” structure).  
As mentioned above, ferromagnetism it is not always associated with macroscopic metallic 
conductivity in manganites. Three types of insulating FM manganites are known to the 
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author: (i) ferromagnetic-metallic clusters in an insulating matrix, the phase-separation case, 
(ii) “local” double-exchange enhanced by charge and orbital order in La0.875Sr0.125MnO3 
[Uhl99]) and (iii) superexchange FM in compounds without Mn4+ ions, for instance in 
La0.85Pb0.15Mn0.85Ti0.15O3 [Sah00]. 
If an insulating compound is near a FMM-AFI phase boundary, the metal state may be 
induced by external conditions like large magnetic [Tok96] or electric fields [Asa97], light 
[Fie98] or x-ray irradiation [Kir97], hydrostatic pressure [Mar02, Pos03], and strain in films 
[Zha01]. When metallic regions percolate, a resistance reduction by more than six orders of 
magnitude is possible. 
Unfortunately with respect to applications, the TC ∼ 370 K of La0.7Sr0.3MnO3 is the largest 
known FM ordering temperature. CO can appear at temperatures as large as 525 K in  
Bi1-xSrxMnO3 [Kir03]. 
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3  Magnetic properties 
        
3.1   The ferromagnetic phase  
 
3.1.1   Critical behaviour near TC 
 
The double exchange interaction as the predominant source of ferromagnetism in manganites 
is based on the electron transfer between Mn core spins. This triggers a question about the 
long-range or short-range nature of ferromagnetic ordering. Can it be described by a three-
dimensional short-range (mean field, Heisenberg or Ising) coupling model ? Next, some 
paramagnetic-ferromagnetic transitions are accompanied by structural changes; one might 
expect such transitions to be of first order. The order of the PM-FM transition in manganites 
is a second question answered only for few compounds so far. These questions can be 
answered by examination of the critical behaviour of manganites. In recent years, data on the 
critical behaviour at PM-FM transitions have been collected for several manganites (some 
listed in [Sah03]). Most investigated FM compounds exhibit a 2nd order transition at TC, with 
critical parameters between those of Heisenberg 3D and mean-field models. A 1st order 
transition is known for La0.7Ca0.3MnO3 and La0.6Y0.07Ca0.33MnO3. Tricritical points 
(characteristic for the crossover from first to second order behaviour) have been observed for 
La0.6Ca0.4MnO3 [Kim02] and La0.67(Ca0.85Sr0.15)0.33MnO3. The Ca doped system shows 
orthorhombic lattice symmetry and a pronounced cooperative Jahn-Teller effect. The lattice 
changes from orthorhombic to rhombohedral symmetry (without long-range ordered JT 
distortions) for partial Sr substitution in La0.67(Ca1-zSrz)0.33MnO3, simultaneously with the 
crossover to a 2nd order transition [Mir01]. This experiment supports the hypothesis that first 
order transitions might appear in compounds with strong cooperative Jahn-Teller effect. 
Strong lattice effects appear for lower ionic radius r(A) and are, thus, related to lower TC 
values. However, there are low-TC manganites like Nd0.6Pb0.4MnO3 with a continuous (i. e. 
2nd order) transition [Sah03]. Since disorder at the La site is rather large for the Nd-Pb 
system, this seems to hinder the appearance of a 1st order transition. Another effect of disorder 
is the so-called “rounding” of a discontinuous transition, i. e. a first order transition changes to 
second order after disorder was introduced. For example, La0.7Ca0.3Mn0.9Ga0.1O3 with 10 % of 
Ga3+ ions in the Mn lattice has a clear 2nd order transition [Röß04], in contrast to the 1st order  
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Figure 2.5: Critical behaviour of La0.7Ca0.3Mn1-xGaxO3 [Röß04]. The Ga - free compound has a first order 
ferromagnetic transition at TC, the x = 0.1 compound a second order continuous transition. a) Temperature dependence 
of magnetization for x = 0 and 0.1 bulk polycrystalline samples measured in a magnetic field of 300 mT. b) Specific 
heat CP of the same samples. Notice the pronounced peak at TC  for x = 0 and the weak anomaly for x = 0.1 marked by 
“TC” and enlarged in the CP/T plot in the inset. c) Modified Arott plot isotherms for x = 0.1; TC = 116 K. β’ and γ’ were 
adjusted iteratively in order to obtain straight lines. d) Prove of fulfilled scaling behaviour according to M(H, ε) = εβ
f±(H / εβ+γ) with certain functions f+ (f -) for T > TC (< TC), respectively, and the reduced temperature ε = |T – TC| / TC. 
a) b) 
c) d) 
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transition known for La0.7Ca0.3MnO3. The critical behaviour upon Ga substitution has been 
analysed using modified Arrott plots (Fig.3.1) and the Kouvel-Fisher method for a 
polycrystalline sample. Critical exponents β = 0.387(6), γ = 1.362(2) and δ = 4.603 have been 
determined in an iterative way [Röß04] and are close to those found for isotropic 
ferromagnets belonging to the Heisenberg universality class with short-range interactions. 
The critical temperature of La0.7Ca0.3Mn0.9Ga0.1O3 was determined as TC = 116 K. Fig.3.1d 
demonstrates that the determined critical exponents fulfil the requirements for the validity of 
the scaling equation M(H,ε) = εβ f± (H / εβ+γ) with two universal functions f± for T > TC and T 
< TC, respectively and ε = (T – TC) / TC. The change of character of the ferromagnetic phase 
transition is further seen in the fact that the pronounced anomaly of heat capacity at TC in 
La0.7Ca0.3MnO3 has nearly vanished for the Ga doped compound (Fig.3.1b). 
The importance of disorder for the type of phase transition was emphasized, for instance, by 
Salamon et al. who pointed out similarities of the PM state of La0.7Ca0.3MnO3 with a Griffiths 
phase [Sal02]. In a Griffiths phase, disorder (e. g., randomly broken bonds) suppresses the 
magnetic transition temperature from a value for the disorder-free system to a lower value. 
Magnetic clusters exist in the intermediate temperature range of the Griffiths phase.  
 
 
3.1.2   Low temperature behaviour 
 
At low temperatures T << TC, the spontaneous magnetization of the high-TC manganites 
La0.7Sr0.3MnO3 and La0.7Pb0.3MnO3 follows fairly well the Bloch law M = M0(1 - BT3/2) 
which is valid for ferromagnetic spin-wave excitations. Dervied spin stiffness constants are D 
= 150  meV Å2 [Smo97] and 133 meV Å2 [Gho04], for the Sr and the Pb doped compound, 
respectively. 
Fig.3.2 gives a typical example of magnetization loops measured along different 
crystallographic directions in an epitaxial film which, apart from the strain-induced magnetic 
anisotropy, behaves like a single crystal. For ferromagnetic bulk single crystals, the value of 
the saturated magnetization has been determined in several studies. The spin-only 
magnetization of 4 µB (3 µB) expected for free Mn3+ (Mn4+) ions agrees fairly well with 
experiments, indicating the quenching of the orbital moment. Coercive fields of few mT are 
commonly found; the rather low value is related to the low magnetocrystalline anisotropy of 
manganites. For the same reason, thin films tend to show dominating stress-induced 
anisotropy (Sec.5.3) including the possible change of the easy axis (see Fig.3.2b).  
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Figure 3.2: a) (Adapted from [Nat99].) Magnetization loops at 5 K of a La0.8Ca0.2MnO3 / LaAlO3(001) film 
measured along the four crystallographic directions indicated at the pseudocubic unit cell. The easy direction ([110]T) 
is oriented perpendicularly to the film plane as a consequence of compressive strain from the substrate. b) (Adapted 
from [Sch04].) Evolution of domains from the saturated to the remanent state in a La0.7Sr0.3MnO3 / LaAlO3(001) film 
with perpendicular magnetization recorded by measuring the out-of-plane magnetization with a magnetic force 
microscope. 
a) 
b) 
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The domain size and the domain wall width in bulk single crystals have been investigated by 
Magnetic Force Microscopy and Kerr Microscopy (Sec.5.2).  
 
 
3.2 Spin glass and cluster glass 
 
3.2.1   Fundamentals 
 
Spin glasses have been described and analysed in detail by Mydosh [Myd93]. Classical 
examples are CuMn and AuFe. A spin glass is microscopically characterized by the presence 
of (i) sufficiently strong, competing magnetic interactions and (ii) randomness. When a spin 
glass is cooled down, a process called “collective freezing” of magnetic moments at a 
magnetic glass temperature Tg is observed. Magnetic interactions are stronger than thermal 
activation below Tg, thus magnetic moments are immobile. The ground state is an 
arrangement of magnetic moments without long range order which, however, may have a net 
magnetization. Near and below Tg, spin glasses show very slow response to changes of an 
external magnetic field. This is related to a strong irreversibility of magnetization detected, 
for instance, after field cooling (FC) or zero field cooling (ZFC) of a sample. 
Magnetic clusters are present when a ferromagnet is dispersed in small droplets within a non-
magnetic matrix, e. g., in Co-SiO2 granular films. Similarly, several magnetic moments might 
be ferromagnetically coupled in a cluster surrounded by a magnetic environment with weaker 
ferromagnetic or antiferromagnetic interactions. A single ferromagnetic cluster of sufficient 
size has an intra-cluster TC, below which it may be described as one magnetic “super” 
moment (superparamagnetic cluster). The ground state of such a cluster system might be 
governed by superparamagnetic blocking: the cluster magnetization freezes at a blocking 
temperature TB where thermal activation becomes insufficient to overcome the energy barrier 
of magnetocrystalline and shape anisotropy of the cluster. Above TB, cluster magnetizations 
rotate freely like in a paramagnet; therefore, this state is called superparamagnetic. For a 
system of many clusters, the zero field ground state has no net magnetization since individual 
magnetizations of clusters cancel. The alternative case is the cluster glass: clusters may freeze 
in a spin glass-like state when the magnetic interactions between the clusters are strong 
enough. 
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3.2.2   Origin of disorder in manganites  
 
There is no doped manganite without disorder, as long as two or more different ions reside on 
the La lattice site at random. For instance, La3+ and Ca2+ in La0.7Ca0.3MnO3 have different 
ionic radius and charge. The disorder induced by radius variation on the La site has been 
quantified by the variance σ2 = <rA2> - <rA>2. Most La site disorder is found in half-doped Ba 
manganites like Eu0.5Ba0.5MnO3 and Gd0.5Ba0.5MnO3 since Ba2+ is much larger than the rare 
earths [Tom04]. (It might be the largest ion substituted in manganites thus far.) For some Ba 
half-doped manganites, ordering at the La site has been achieved [Aka03]. Another way to 
introduce disorder is partial substitution of Mn by other transition metals (see below). This 
allows one to introduce random local magnetic coupling. Note that disorder represents a third 
fundamental parameter governing the magnetic and electric phase diagram, besides of the 
doping level and the average ionic radius on La (and on Mn) site [Aka03, Tom04]. 
 
 
3.2.3   Substitutions in the Mn sublattice 
 
Numerous experimental studies of substitutions in the Mn sublattice are known [Sah00, 
Cai97, Yus00, Yus02, Lak05 and their references]. Some of the substituted transition metal 
ions are Zn2+, Al3+, In3+, Ga3+, Ti4+, Ge4+, Ta5+, W6+ (all non-magnetic) and Fe3+, Run+ (n = 3, 
4 or 5), and Mo6+ (magnetic). There could be benefit from these studies also for thin film 
multilayers, since the interdiffusion might produce such substituted phases at interfaces.  
Microscopic consequences of another transition metal (TM) at the Mn site are rather multiple. 
This makes it commonly very difficult to attribute the observed changes of magnetic 
properties to a certain mechanism. (i) Deviation of the ionic charge of the TM and the 
(average) Mn: this effect cannot be avoided in doped manganites with an intermediate Mn 
valence. Consequently, the number of charge carriers changes with the TM substitution. (ii) 
The difference of the ionic radius of the TM and the average Mn ion: The average ionic 
radius at Mn lattice site will change due to both the deviating TM ionic radius and the shifted 
Mn charge state upon substitution (since Mn4+ is smaller than Mn3+). An increasing ionic 
radius at Mn lattice site enhances the lattice distortions, since the tolerance factor is smaller 
than t = 1 (cubic) for most manganites. (iii) Some TM ions participate in the magnetic 
superexchange which might be ferro- or antiferromagnetic. For TM = Ru even participation in 
double exchange interaction was proposed [Man02]). Other transition metals are non-
magnetic and, hence, dilute the magnetic lattice. (iv) A mechanism has been suggested 
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concerning the effect of the deviating local electrostatic potential. Charge carriers are 
attracted or repelled by TM ions and, thereby, an increased tendency for localization arises 
[Alo02]. (v) Disorder at the Mn site (variation of ionic size). (vi) Local suppression of the 
Jahn-Teller effect since most substituted TM ions are non-Jahn Teller ions. 
Here, some general features of magnetic behaviour for Mn site substituted ferromagnetic 
manganites are summarized, restricted to the case that the unsubstituted compound is near the 
optimum doping level for ferromagnetism. If this is not fulfilled, enhancement of TC or even 
modification of an insulating antiferromagnet to a ferromagnetic metal by Mn site substitution 
is possible, provided the charge carrier density is shifted appropriately. In most studies of 
such ferromagnetic (R,A)(Mn,TM)O3, TC decreases with increasing degree of substitution. 
The metal-insulator transition temperature TMI drops with a similar rate like TC for low-level 
substitutions, but disappears at a certain level y1 (y1 < 0.2 for most TM ions). For y > y1, a 
ferromagnetic insulating state appears. At a certain higher degree of substitution y2 > y1, 
collinear ferromagnetic order is lost in the ground state (visible by the lack of magnetic 
saturation at low temperatures). An example is shown in Fig.3.3. For compounds with y ≥ y2, 
spin-canted and clustered magnetic structures have been discussed (e.g., [Yus00, Lak05]). 
Typically, these compounds show a slow dynamics of magnetization (cmp. Fig.3.3d), history 
dependence and other features of spin- or cluster glasses.  
Examples for studied sample series of ferromagnetic manganites with Mn site substitution are 
La1-xPbxMn1-yTiyO3 (x = 0.15; 0.26; 0.4; 0 ≤ y ≤ x) [Sah0], La0.67Ca0.33Mn1-yGayO3 (y = 0; 
0.10, 0.25) [Yus02], LaMn0.95-yRuy (y ≤ 0.4) [Sah02] and La0.67Ca0.33Mn1-yTayO3 (y ≤ 0.1) 
[Lak05]. Figs.3.3 – 3.7 give some representative results discussed here and in the next 
paragraph. The Ru substitution has also been investigated in the ferromagnetic bilayered 
Ruddlesden-Popper phases La1.2Sr1.8Mn2-yRuyO7 (y ≤ 0.5) [Sch05, Wei02], since this system 
is one of the rare examples showing an enhancement of TC by the partial replacement of Mn 
in an optimally doped manganite. Figs.3.3-3.5 show the suppression of TC upon substituion of 
Ti4+, Run+ (n between 4 and 5) and Ta5+ in the chosen sample series. One notes a particularly 
strong TC suppression for the Ta5+ ion, of  ∆TC = 39 K /at%. Although it is difficult to clarify 
the origin of the strong effect of Ta (the multiple microscopic effects of substitutions listed 
above all apply for Ta), it could be related to its localized charge of +5 which deviates 
strongly from that on Mn sites. An especially small effect is observed for Ru with ∆TC ∼ 2 K 
/at%, the smallest TC suppression for all studied TM ions. Even compounds with 40 % of Ru 
on the Mn site order ferro- (or ferri-) magnetically above 100 K (Fig.3.4a). Hence, a 
substantial magnetic coupling of Mn and Ru ions via O orbitals is evident. The special role of  
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Figure 3.3: Magnetization of bulk polycrystalline La1-xPbxMn1-yTiyO3 with non-magnetic Ti4+ substituted at the 
Mn lattice site [Sah00]. a) Temperature dependence of the magnetization measured at 300 mT for the x = 0.15 
sample series. b) Magnetization at 5 K as a function of magnetic field, normalized to the relative concentration 
of Mn ions c(Mn) = 1 – y. Note the loss of saturation. c) Field-cooled (FC) and zero-field-cooled (ZFC) 
magnetization at 30 mT for two x = 0.4 samples. TA marks the maximum of the FC curve which originates from 
antiferromagnetic interactions. d) Slow relaxation of the remanent magnetization after FC the x = 0.4, y = 0.4 
sample in 10 mT to the respective temperature. Between 10 K and 15 K, the relaxation reaches a maximum, 
indicating the presence of a spin freezing temperature.  
  
  
a) b) 
c) d) 
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Figure 3.4: Magnetization of bulk polycrystalline LaMn0.95-xRuxO3 with Ru substituted on the Mn lattice site 
[Sah02]. a) Temperature dependence measured in a field of 500 mT. Note that the compound with 40 % of Ru is 
still ferromagnetic (or glassy) with a rather large transition temperature. b) Field dependence at 5 K. The enlarged 
coercive fields were attributed to increasing magnetic anisotropy with Ru substitution.  
 
a) 
b) 
3.2   SPIN GLASS AND CLUSTER GLASS 23  
Ru has been attributed to its possible mixed valence character when substituted in manganites, 
and its enhanced overlap of the more extended 4d states with the oxygen orbitals [Sah02, 
Sch05]. Both facts could allow the participation of Ru in the electron transfer / band 
formation and even in a double exchange like mechanism.  
 
 
3.2.4   Experiments on spin-glass like manganites 
 
In a standard experiment, the sample is zero-field-cooled (H = 0) to T0 < Tg and the 
magnetization is measured during warming in a constant moderate magnetic field (ZFC run). 
In a second run, the cooling is done in a magnetic field (FC run). Pronounced splitting of both 
curves appears near the glass (or superparamagnetic blocking) temperature where thermal 
movement of magnetic moments “freezes out” (Fig.3.3c). Larger measuring fields reduce the 
splitting. 
A slow dynamics of spins is reflected in a time-dependent magnetization (M) after an applied 
magnetic field has been changed. For instance, the decay of the remanent (H = 0) 
magnetization after field cooling a sample to a temperature T < Tg can be recorded (Fig.3.3d). 
Another experiment starts with ZFC of the sample to T < Tg where it is kept for a waiting time 
tW before the time-dependent M in a moderate magnetic field is recorded. This experiment 
allows one to detect an aging process in the sample: interactions between frozen magnetic 
moments at H = 0 will slowly change the magnetic state. Aging experiments help to 
distinguish superparamagnets (no aging) from glassy samples. Sometimes, a logarithmic time 
dependence of the relaxation which is typical for a very broad distribution of the individual 
relaxation times is observed. Other types of spin glass relaxation are power-law-like, 
exponential or stretched exponential, depending on the distribution of energy barriers in the 
system. 
AC susceptibility: At about the glass temperature Tg, a sharp cusp-like peak appears in the 
linear susceptibility χ that is reduced and shifted to higher temperature with increasing 
frequency [Myd93]. Historically, the sharp anomaly observed at Tg in canonical spin glasses 
triggered the idea of a distinct phase transition at Tg (which is still under discussion). For 
further analysis, the imaginary part of the susceptibility χ’’ and the non-linear contribution χ3 
can be studied [Myd93, Lak05, Dea01]. Upon proceeding Mn site substitution, there seems to 
occur an evolution of the type of magnetic order from collinear ferromagnet via canted (non-
saturated) ferromagnet and cluster-glass-like to spin-glass-like. The application of a DC  
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Figure 3.5:  Susceptibility of La06.7Ca0.33Mn1-xTaxO3 measured at a frequency of 133 Hz in an AC magnetic field 
with the amplitude of 0.1 mT. The local charge state of Ta5+ ions is much different from Mn ions. The variation 
of local potential is suggested to underlie the extreme suppression of ferromagnetic ordering [Lak05]. Inset: 
Decrease of the ferromagnetic Curie temperature TC and the metal-insulator transition temperature TMI with the 
Ta concentration. 
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Figure 3.6: AC susceptibility (real component) of bulk polycrystalline LaMn0.8Ti0.2O3+d measured a) in 
different static magnetic fields with an AC probing field of 0.1 mT at a frequency of 133 Hz and b) in a 
static field of 0.1 T and at different frequencies. Two maxima evolve with increasing DC magnetic field and 
shift to opposite directions. The one at higher temperature is attributed to ferromagnetic ordering (TC), the 
other to a spin glass transition [Sah03b]. 
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Figure 3.7: Field dependence of the magnetization (M) and transmitted spin polarization (P) of a neutron 
beam for bulk polycrystalline manganites with diluted Mn sublattice and weak spontaneous polarization 
[Yus00, Yus02]. a) La0.67Ca0.33Mn0.9Fe0.1O3, M measured at 3.8 K; the background field of the 
depolarization masurement is 1 mT. b) La0.67Ca0.33Mn0.75Ga0.25O3, M recorded at 15 K (also for the 
compositions with 10 % of Ga and no Ga), and P at the background field of 0.7 mT.  
a) 
b) 
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magnetic field reveals two transitions in χ(Τ) data sometimes (Fig.3.6) [Sah03b]. One of them 
shifts upwards under magnetic field indicating its ferromagnetic nature and the other shifts 
downwards, consistent with a spin glass transition. The glassy nature of the low temperature 
transition is confirmed by the fact that the low temperature peak is suppressed with increasing 
measuring frequency (Fig.3.6b). Freezing of ferromagnetic clusters (formed at TC > Tg) at Tg 
or appearance of a reentrant spin glass phase [Sah03b] are two microscopic scenarios possibly 
underlying this observation. 
The heat capacity of spin glasses has an approximately linear magnetic contribution Cmag(T) 
= β T n with n ∼ 1 below Tg and a maximum of Cmag just above Tg [Myd93], [Sah03b].  
Neutron diffraction is applied in a search for the existence of a long-range magnetic order. 
However, due to the resolution limit (of approximately 0.5 µB), the absence of long-range 
order is difficult to prove. Spin-polarized neutrons in a neutron depolarisation experiment can 
detect magnetic clusters or domains with a diameter of about 100 nm - 50 µm possessing a net 
magnetization with a rather high sensitivity [Yus00]. Using this method, evidence for large 
magnetic clusters (domains) with a net magnetization has been found for the glassy-like 
compounds La0.67Ca0.33Mn0.9Fe0.1O3 and La0.67Ca0.33Mn0.75Ga0.25O3 [Yus00, Yus02] (Fig.3.7). 
Smaller clusters can be detected and investigated by Small Angle Neutron Scattering (SANS) 
[Ter97].  
 
 
3.3   Rare earth magnetism 
  
Most rare earth elements substituted on the La site of manganites have a magnetic moment 
and their own magnetic ordering phenomena which typically occur below 50 K. For the heavy 
rare earth elements Ho – Lu, RMnO3 crystallizes in a non-perovskite hexagonal lattice 
structure [Lot01]. These hexagonal phases are ferroelectric. In perovskite phases, the R-Mn 
magnetic coupling is stronger than the R-R coupling. It might be antiferromagnetic and / or 
cause spin reorientation transitions since a reduced or even negative M is found at low 
temperature in particular for the case of R = Nd [Tro99, Bar02, Gho04]. Some neutron 
diffraction studies of magnetic structures are available, mainly for R = Nd [Dup01, Wu00a, 
Mun00, Bar02]. Further, the rare earth may induce stronger magnetic anisotropy as observed 
for instance for PrMnO3 [Hem03]. A Schottky anomaly arises in the heat capacity of RMnO3  
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Figure 3.8: a) Magnetization vs. temperature of La0.7-xNdxPb0.3MnO3 single crystals measured at 300 mT. b) Field-
dependent magnetization measured at 20 K. c) Temperature dependence of the Bloch constant corrected for the 
effect of finite magnetic field. d) Schottky anomaly in the heat capacity of the Nd containing crystals. For details 
see [Gho04]. 
  
a) b) 
c) d) 
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from either exchange or crystal-field splitting of the R energy levels [Hem03, Lop02, Wah02, 
Gho04].   
Fig.3.8d shows the Schottky anomaly observed for La0.7-yNdyPb0.3MnO3 (y = 0.3; 0.4; 0.7) 
crystals [Gho04]. It is attributed to a splitting ∆ = 2 µNd Hmf of the Nd ground state by an 
effective molecular field Hmf. µNd is the magnetic moment of the Nd3+ ions. The fit yields ∆ = 
0.95 meV for Nd0.7Pb0.3MnO3 and lower values for y = 0.3 and 0.4 [Gho04]. The 
magnetization vs. magnetic field measured at 20 K (Fig.3.8b) shows a contribution from Nd 
moments that increases with the field. In temperature-dependent magnetization data recorded 
at µ0H = 0.3 T (Fig.3.8a), a pronounced drop of M at T < 50 K is found, which indicates the 
ordering of Nd in a way either involving antiferromagnetic Mn-Nd coupling or Mn spin 
reorientation originating from the Mn-Nd coupling. In order to clarify the last point, the 
magnetic structure is currently studied by neutron diffraction. Apart from these additional 
effects of Nd ordering at low temperature, the substitution of Nd for La reduces the electronic 
bandwidth due to the decreased average ionic radius on the La lattice site and enhances the 
variance of the ionic radii at this lattice site, leading to increased disorder. Both effects 
account for the observed suppression of TC with increasing Nd content, from 345 K for 
La0.7Pb0.3MnO3 to 150 K for Nd0.7Pb0.3MnO3 [Gho04]. 
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4   Electric transport: intrinsic properties 
   
4.1   Colossal magnetoresistance: experimental features 
  
In Section 4, the typical resistive behaviour of ferromagnetic single crystals is addressed. It is 
restricted to metallic manganites (in the sense of dρ/dT > 0, with the resistivity ρ and the 
temperature T). Epitaxial films on single-crystalline substrates show similar electrical 
transport properties like single crystals, apart from the fact that properties might be altered by 
epitaxial strain and finite film thickness (see Sec.5.3). No details on field- or light-induced 
conduction in charge ordered phases are included. 
The characteristic transport behaviour is illustrated by the temperature dependence ρ(T, H0) at 
magnetic field H0 = 0 and 5 T, respectively, recorded for a La0.7Ca0.3MnO3 sample (Fig.4.1). 
At low temperatures, the resistance follows an expression ρ = ρ0 + ρ1Tα with an exponent α = 
2 - 2.5 [Vla98]. The temperature-dependent term has been attributed to electron-electron 
scattering or first-order electron-magnon scattering (for both, α = 2). In a real half-metal, only 
second order electron-magnon processes are allowed (α = 4.5) [Zie02a]. The residual 
resistivity ρ0 is large if compared with elemental metals, with minimum values of about ρ0 = 
40 µΩcm for La0.7Sr0.3MnO3 and 100 µΩcm for La0.7Ca0.3MnO3. It is several orders of 
magnitude higher for some other FM manganites. The large residual resistivity ρ0 mainly 
reflects the low mobility of charge carriers, since their density is not much smaller than in 
elemental metals. The low-temperature magnetoresistance (MR) vanishes for high-quality 
crystals and epitaxial films with collinear ferromagnetic structure in the ground state 
(Fig.4.1), since thermal spin fluctuations are negligible and domains obviously have little 
influence on the electron transfer (see below).  
Near TC, ρ strongly increases and shows a peak at a metal-insulator transition temperature TMI 
∼ TC (Fig.4.1). In the paramagnetic state, the charge transport is thermally activated (Fig.4.2). 
(This is true apart from very few large-band-width Sr manganites which are paramagnetic 
metals). In other words, the ferromagnetic order changes the character of the electron 
transport from activated to metal-like. In a temperature range around TC, ρ drops considerably 
upon application of a magnetic field of few Tesla (Figs.4.1, 4.3a, 4.4). This large negative MR 
effect has been termed “colossal magnetoresistance” (CMR) [Jin94] in analogy to the GMR  
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(the giant magnetoresistance). It is larger than the GMR, but also needs much larger fields. 
Why such sensitivity of the resistance towards magnetic fields (which are moderate in 
comparison with the thermal energy kT) can be observed in manganites – this is certainly one 
of the essential questions (and possibly the central question) of manganite physics. 
Above TC, the observed activated behaviour in epitaxial films of La0.7Ca0.3MnO3-δ (δ = 0 – 
0.1) (Fig.4.2, [Ter98]) and in some crystals is consistent with a small adiabatic polaron 
hopping law ρ(T) = AT exp(Ehop/kT) [Wor96]. In a series of epitaxial La0.7Ca0.3MnO3-δ / 
LaAlO3(001) films, the doping level has been controlled by reversible oxygen removal using 
vacuum and air annealing treatments [Dör00] (cmp. Sec.5.3). Fig.4.2 illustrates that all 
samples follow the ρ(T) law for small adiabatic polaron hopping in the investigated 
paramagnetic temperature range, and the hopping energy obtained from the fits increases 
linearly with decreasing doping level (Ehop = 60 to 250 meV, for 70 % to 100 % of Mn3+). The 
ceramic samples investigated for the lower doping levels follow the same trend of hopping 
energies (Fig.4.2). The hopping energy has been related to the polaron binding energy [Ter98] 
(which is roughly the doubled hopping energy). The large and linear variation of the polaron  
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Figure 4.1: Resistivity in dependence on temperature of a ferromagnetic La0.7Ca0.3MnO3 / LaAlO3(001) epitaxial 
film, measured in a magnetic field µ0H = 0 and 5 T. TC indicates the ferromagnetic Curie temperature. Large 
magnetoresistance – the colossal magnetoresistance effect – and a metal-insulator transition are observed in the 
vicinity of TC. 
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Figure 4.2: Fits of Holstein`s small polaron hopping law ρ = AT exp (Ehop / kT) (with the resistivity ρ, the 
temperature T, the Boltzmann constant k and fit parameters A, Ehop) to resistance data in the paramagnetic phase for 
various samples [Ter98]. a) samples #1-#5 of the series of oxygen-controlled epitaxial films La0.7Ca0.3MnO3-d
[Dör00], b) bulk polycrystalline compounds LaMnO3, LaMnO3.07 and La0.9Ca0.1MnO3 [Ter98].  c) Polaron hopping 
energy Ehop as a function of the Mn
3+ concentration. The polaron binding energy, Eb, calculated using thermopower 
data from other published work is also shown [Ter98].   
 
 
a) b) 
c) 
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binding energy with the Mn3+ content strongly suggests the Jahn-Teller-type nature of the 
polarons.  
In other samples (some single crystals and polycrystals), the Mott variable range hopping 
(VRH) behaviour according to ρ(T) = A exp[(E/kT)1/4] has been observed [Vir97, Coe99]. 
Even simple thermal activation ρ(T) = A exp(E/kT) gives a correct description for some 
samples in a certain temperature range T > TC.  
An early model of CMR (see 4.2) gives an analytical expression for the magnetic field 
dependence of the resistance R(H) based on a magnetization-dependent energy barrier for the 
activated transport [Vir97b, Coe99, Wag98]. Since the electron transfer depends on the angle 
between the magnetic moments at the start and the end point of the hopping process, 
appropriate avering allows one to relate R and M. This gives the relations of R ∝ - M (or R ∝ 
exp(-M)) in the FM state (not too far below TC) and R ∝ - M2 (or R ∝ exp(- M2 )) in the PM 
state. These have indeed been observed occasionally and in a certain range of temperature 
[Uru95, Hun96] (Fig.4.3b, 4.5). Typically, the resistance can be reduced by more than one 
order of magnitude upon magnetic ordering, this unusually strong interrelation of R and M is 
an experimental key feature of manganites. It is worth noting that the R-M relation in the FM 
state changes its character at an intermediate magnetic field (Fig.4.5): At lower fields, a 
strong increase of M is accompanied by a very weak R decrease. Indeed, this is the regime 
where magnetic domains of various orientation exist. In experiments on single crystals it 
turned out that, interestingly, the domains have negligibly low influence on the electrical 
transport (as is also reflected by the fact of the vanishing low temperature MR). It was argued 
that the spin of the moving electrons can follow the gradual variation of local spin direction in 
a domain wall if it is sufficiently wide.  
Fig.4.5 shows the test plot for the R ∝ exp(-M) scaling in a La0.75Sr0.25MnO3 single crystal in 
the vicinity of TC = 339 K. One notes the domain regime where M increases without a 
detectable resistance change. Interestingly, coincidence of data recorded at different 
temperatures is achieved for an R ∝ exp(-M/T) plot, apart from (i) the range of very low 
magnetization and (ii) the low temperature data (170 K). The last observation is not really 
surprising, since the hopping mechanism underlying the R-M relation should fail for a 
homogeneous metallic state and electron scattering in a collinear magnetic state is probably 
dominated by non-magnetic processes. The inserted T-1 factor seems to be appropriate in 
order to take the thermal activation over an effective magnetization-dependent energy barrier 
into account. 
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Figure 4.3: (a) Magnetoresistance ∆ρ = ρ(H) – ρ0 vs. magnetic field of a La0.7Ca0.3MnO3 epitaxial film at 
constant temperatures above and below the ferromagnetic Curie temperature TC. (b) The resistivity scales 
logarithmically with the magnetization of the film for all recorded temperatures, giving evidence for strong 
correlation of resistance and magnetic order. Adapted from [Hun95]. 
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Figure 4.4: Resistance change ∆ρ = ρ(H) – ρ(0) / ρ(0) of epitaxial films and a single crystal measured in 
pulsed magnetic fields at several temperatures. Lines represent fits to a Brillouin function (BJ) or a squared 
Brillouin function (BJ
2). a) La0.7Sr0.3MnO3/SrTiO3(100) film with ferromagnetic transition temperature TC = 
330 K (open symbols) and La0.75Sr0.25MnO3 single crystal with TC = 339 K (closed symbols). b) 
La0.7Ca0.3MnO3/NdGaO3(110) film with TC = 250 K.  c) Temperature dependence of the fitted effective spin 
moment J from above data and measurements in static fields up to 14 T. Data from [Wag97, Wag98] for a Pr 
and a Nd manganite are also sketched.  
 
a) 
b) 
c) 
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For a direct analytical description of R(H), M(H,T) has been approximated by a Brillouin 
function according to mean field theory for some compounds [Wag98]. The agreement of 
R(H) data and Wagner`s model is found to be reasonable in the PM regime and in a certain 
temperature range below TC [Wag98, Koz05]. Fig.4.4 represents some magnetoresistance 
measurements on epitaxial La0.7A0.3MnO3 (A = Sr; Ca) films and the La0.75Sr0.25MnO3 crystal 
in fields up to 47 T at the IFW Magnetic Pulse Field Facility. Fit curves according to 
Wagner`s model are included. A resonable agreement is obtained in the paramagnetic state 
sufficiently above TC and in a range of temperatures below TC. Deviations are most 
pronounced close to TC and for the lowest temperatures (not shown in the figures) where 
transport is no longer well described by thermally activated hopping. The latter fact is also 
revealed in the plot of the temperature-dependent effective magnetic cluster size (Fig.4.4c) 
obtained as a fit parameter: clusters become unphysically small at low T. Note further the 
Figure 4.5: Relation between resistance R and magnetization M derived from field-dependent R(H) and M(H), 
µ0H ≤ 7 T  data of a La0.75Sr0.25MnO3 single crystal. At all temperatures near and below TC = 339 K, there is a 
range of increasing M caused by domain processes where R remains nearly unchanged. R is plotted 
logarithmically and M normalized by the temperature T, because this plot leads to best coincidence of the curves 
in an intermediate range of M, where a relation of R = A exp(B⋅M / T) with constants A, B for this compound is 
revealed. 
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indication of a cluster size divergence near TC for La0.7A0.3MnO3 (A = Sr; Ca) which is 
expected for a regular ferromagnetic transition. Interestingly, the divergence near TC seems to 
be absent in literature data on Pr0.5Sr0.5MnO3 and Nd0.52Sr0.48MnO3 (which, however, are 
possibly just too few data). It remains to be checked if this might be an indication of a mixed-
phase state with a finite cluster size at TC in these compounds. 
 
 
4.2   Colossal magnetoresistance: models 
 
Here, the essential microscopic mechanisms are outlined in a phenomenological  way. More 
detailed information is available in the reviews [Dag01, Sal01, Zie02a, Gor04]. 
 
 
4.2.1   Ferromagnetic double exchange 
 
Obviously, the FM double exchange interaction provides a strong correlation of magnetic 
order and electron transport. This is reflected in the expression for the (semiclassical) electron 
transfer probability between two Mn ions t = t0 cos(Θ/2), with the angle Θ between the Mn 
magnetic moments [And55]. Experimentally, this correlation is visible in the dependence of R 
on M (Sec.4.1). Early models discussed the hopping of electrons between FM regions (single 
Mn ions or ferromagnetic clusters of Mn ions) over a magnetic energy barrier proportional to 
(1 - M1⋅M2), with normalized magnetizations M1 and M2 at the start and the end point of the 
hopping process [Vir97, Wag98]. Indeed, hopping models (VRH, small or large polaron 
hopping, simple activation) have obtained quite reasonable agreement with data of the 
temperature dependence R(T) and the field dependence R(H) of the resistance for several 
manganites (see 4.1). 
The double exchange has been agreed to be crucial for the CMR, but it is not sufficient to 
explain the phenomenon. Several theoretical approaches based on double exchange models 
reproduce neither the appearance of a metal-insulator transition nor the magnitude of the 
CMR, in particular for low-TC compounds where CMR is really huge. For details on some 
calculations, see [Dag01, Gor04]. The large-band-width manganites like La1-xSrxMnO3 (x ∼ 
0.25 – 0.4) seem to be closest to a pure double exchange system.
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4.2.2   Jahn-Teller polarons 
 
Polaron-like transport behaviour of ρ(T) observed for T > TC (e. g., [Wor95, Ter98]) indicated 
that polarons are the predominant high-temperature type of charge carriers in manganites. 
While earlier work proposed magnetic polarons, i. e. a magnetic polarization of the Mn spins 
surrounding a moving electron [Gen60], elastic lattice polarons originating from the Jahn-
Teller effect of Mn3+ ions were recognized as essential mechanism later [Mil98a, Wor96]. For 
localized eg electrons, the Jahn-Teller distortions of oxygen octahedra around Mn3+ are static 
and typically collective (orbital order). These distortions become dynamic when eg electrons 
move. Then, charge carriers might be trapped by the local lattice distortion they produce, 
forming localized lattice polarons. Millis included the Jahn-Teller electron-phonon coupling 
and the double exchange in a mean-field calculation and obtained a M-I transition and CMR 
in qualitative agreement with the experiments [Mil96a,b, Mil98a]. The importance of 
electron-phonon coupling for manganite physics is generally accepted now. 
 
 
4.2.3   Percolation in a phase-separated state 
 
Several experiments (see 2.6) have revealed another striking property of some manganites: 
the coexistence of nanoscale  regions representing different phases (with extensions varying 
from 1 nm to more than 1000 nm, depending on the chemical composition). This means the 
coexistence of metallic and insulating regions, or regions of very different electric 
conductivity. Thus, the idea of a percolation mechanism of CMR arose. Individual sample 
regions would change from metal to insulator state depending on external parameters like T 
and H, showing a broad distribution of TMI in phase-separated samples. (Further parameters 
like x-ray or light irradiation, large current or strong electric field can also induce insulator-to-
metal transitions (2.6) and, thus, alter the phase distribution in a PS state.) Extended 
numerical studies by Dagotto and coworkers [Dag01, May01] on simulated random resistor 
networks revealed M-I transitions in strong resemblance to experimental results. An earlier 
mixed-phase approach was suggested by Salamon et al. who have adjusted the temperature-
dependent volume fractions of a metal phase and a polaronic insulator phase in order to 
consistently describe resistance and thermopower measurements [Sal01]. While for certain 
compounds, e. g. Pr0.7Ca0.3MnO3 and some other Pr manganites, the phase separation and its 
dominating role for the appearance of CMR is rather generally accepted, many open questions 
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remain. For instance: How general is the idea of a percolation mechanism of CMR, are there 
manganites showing CMR without phase separation ? What parameters govern the length 
scale of the phase separation, might this be a disorder parameter ? Is there any way to give 
analytical expressions for the field dependence of CMR ? 
 
 
4.2.4   Critical fluctuations  
 
Murakami and Nagaosa suggested that (one type of) CMR might originate from enhanced 
fluctuations near a multicritical point [Mur03b]. Strong fluctuations may result in unusually 
strong sensitivity of properties to a magnetic field. The schematic phase diagram reproduced 
in Fig.4.6 reveals a multicritical point for R0.5Ba0.5MnO3 where the CO state obtained for 
smaller R ions changes to the ferromagnetic metallic (FM-M) state for larger R ions. (The R 
ionic radius tunes the electronic band width, see 2.6.) Near this multicritical point, very large 
CMR has been measured [Mat04]. Similar multicritical points are present in other manganite 
systems where CO and FM-M phases exist. Note that the continuous (2nd order) phase 
transition at TC becomes 1st order near the multicritical point. As pointed out in Sec.3.1, there 
are low-TC manganites with large CMR and a continuous phase transition. This behaviour is 
different from other low-TC manganites, indicating that disorder might be an essential 
parameter. For R0.5Ba0.5MnO3 compounds it is possible to “switch” the amount of disorder by 
ordering R and Ba ions on the La site into a layered superstructure [Aka03]. Hence, an 
ordered and a disordered version of the phase diagram (Fig.4.6) have been established. The 
disordered FM compounds have much lower TC. Strikingly, the charge order is completely 
replaced by a spin glass (SG) state. Again, a multicritical point appears between SG and FM, 
and it is again associated with large CMR. However, the phase separation might be absent as 
found for Eu0.5Ba0.5MnO3 down to a length scale of ∼ 2 nm [Mat04]. Note further that by 
increasing disorder one can turn (i)  a 1st order PM-FM transition to 2nd order and (ii) a CO 
phase to ferromagnetic, according to a phase diagram like that in Fig.4.6b. 
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Figure 4.6: (Adapted from [Aka03] (left panel) and [Mur03b] (right panel).) Magnetic phase diagrams in 
dependence on the averaged ionic radius on lattice A site of single-crystalline (a) Pr0.55(Ca,Sr)0.45MnO3 and (b) 
Ln1/2Ba1/2MnO3 with Ln  = La – Dy, and Y. The half-doped Ba manganites were prepared with ordered or disordered 
Ln / Ba sublattice. Multicritical points exist between CO/OO and FM phases and between FM and SG phases. The 
magnetoresistance of FM phases is particularly large near the multicritical points. Abbreviations are: FM –
ferromagnetic metal, CO/OO charge and orbital ordered, I – insulator, SG – spin glass, TC ferromagnetic Curie 
temprature, TN Néel temperature, TCO – charge ordering temperature, TSG – glass temperature. 
(b) 
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5   Thin films: preparation and properties   
    
Thin films of below 1 µm thickness are essential for applications in microelectronic devices 
where lateral structuring, e. g., by lithography is employed to produce nanometer-size 
functional elements. On the other hand, thin films are also important for fundamental 
research: they allow one to study the effects of finite thickness, biaxial strain, interface 
electronic structure and proximity effects, just to mention some issues. Since thin film growth 
is far from equilibrium conditions, new phases can be obtained. Epitaxial films may have very 
high crystalline quality, comparable to single crystals. For reviews on manganite thin films, 
see [Hag03, Pre01,Pre05]. 
  
     
5.1   Preparation and lattice structure of films and   
        multilayers 
 
5.1.1   Preparation 
 
Epitaxial oxide films have been prepared since about the middle of the 1980s when sputter 
techniques and laser deposition, e. g. for cuprate superconductors, were developed [Jos88; 
Hol92]. First results on manganite films have been published by Chahara [Cha93], von 
Helmolt [Hel93] and Jin et al. [Jin94]. Early work was done employing ion beam sputtering 
or pulsed laser deposition (PLD) from a ceramic target of the nominal composition. Typical 
deposition conditions include substrate temperatures between 580 oC and 900 oC, an oxygen 
background pressure of up to 0.1 – 0.5 mbar (or less, for methods related to molecular beam 
epitaxy (MBE)) and growth rates down to 0.1 Å s-1. Meanwhile, a variety of preparation 
methods have been used: magnetron or ion beam sputtering [Cha93, Li97, Vla98], PLD 
[Hel93, Kaw99, Ven89, Jo99], Laser-MBE [Tan00, Kle00, Mer03], MOCVD [Ros03], sol-gel 
methods [Ven05], metal-organic aerosol deposition [Mos99].  
Epitaxial growth has proven possible on oxide single-crystal substrates of MgO(100), SrTiO3, 
LaAlO3, NdGaO3, YSZ(100) (Y:ZrO2) [Wal99], (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) [Zie02b], 
PMN-PT(001) (PbMg1/3Nb2/3O3 – PbTiO3) [Thi05b]. Table 1 lists the composition and lattice 
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parameters of some typical substrates. Epitaxy on Si is more complicated, but has been 
achieved by several groups using buffer layers (e. g. [Kim03; Yoo03]). Direct Si/SrTiO3 
epitaxy was demonstrated by McKee et al. [Kee98] as a promising step towards the 
introduction of perovskite oxides to silicon technology, even though rather high phase 
formation temperatures of oxides may pose another problem.  
Monitoring the film growth as usual, e. g., by in-situ RHEED, is complicated for the high 
oxygen pressure of order 10-1 mbar. Therefore, films may be deposited under lower pressure 
(as done for Laser-MBE). Alternatively, a high-pressure RHEED facility developed by 
Rijnders et al. [Rij97, Rij04] allows to monitor the layer-by-layer growth of oxide films. This 
technique gave important information on growth mechanisms like surface diffusion times of 
ions impinging on the substrate, and led to proposals of improved deposition timing (choice 
of frequency, waiting time intervals) for high crystalline quality (interval deposition method 
[Kos99]).  
As-grown films may be oxygen-deficient: typically, reduced TC and TMI were found in early 
work. Soon it was realized that post-growth annealing of films in oxygen or air may increase 
the transition temperature and reduce the resistance of grown films (sometimes by a factor 
10 - 100). However, annealing may have several effects: While the oxygen deficiency is 
compensated (or over-compensated, introducing metal vacancies to the lattice), 
recrystallization and stress-relaxing defect formation may occur depending on the annealing 
temperature. Thus, strain release is another common result of thermal annealing, with strong 
influence on magnetic properties of films (cmp. Sec.5.3).  
Oxygen diffusion is relatively easy in oxide perovskites, a fact already known from cuprate 
superconductors. Hence, vacuum annealing of thin films at 400 to 500 oC can be used to 
remove oxygen at temperatures far below the growth temperature of the films and study the 
properties directly resulting from O deficiency [Dör00]. Epitaxial La0.7Ca0.3MnO3 / 
LaAlO3(001) films of 80 ± 10 nm thickness prepared by magnetron sputtering [Vla98] have 
been annealed at 5⋅10-5 mbar and temperatures of 300 oC to 550 oC for time intervals between 
30 min and 300 min. Fig.5.1 shows the resistance and the magnetization vs. temperature for 
the sample series obtained by annealing which is characterized by gradually decreasing 
oxygen content (from sample #1 to #7). The oxygen diffusion is likely to proceed along grain 
boundaries and growth defects first, but the reduced magnetization and magnetic transition 
temperature reflect the reduced oxygen content of the film volume. Air annealing at 700 oC 
for 30 min was able to reproduce the original state (R(T); M(T)) of any vacuum annealed film,  
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Figure 5.1: a) Resistance of a series of epitaxial La0.7Ca0.3MnO3-δ/LaAlO3(001) films with varied oxygen 
deficiency obtained by vacuum annealing identical pieces of a parent sample [Dör00]. The oxygen removal was 
reversible and changes the carrier density. Arrows mark the appearance of a second resistance peak at T2 for 
samples #4 and #5. b) Temperature dependence of the magnetization. Arrows mark the position of T2. Note the 
splitting of field-cooled (FC) and zero-field-cooled (ZFC) curves for #4 and #5 proving irreversibility. c) 
Resistance in a magnetic field of 5 T. d) Time-dependent resistance of #7 recorded at constant temperatures in 
air, indicating the oxygen uptake starting below 80oC.  
a) b) 
c) d) 
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demonstrating the reversibility of the oxygen removal without significant microstructural 
changes. Fig.5.1a shows the resistance R(T) of the complete sample series, with stepwise  
reduced metal-insulator transition temperature. The most oxygen-deficient sample is 
insulating. Two intermediate samples (#4, #5) show two resistance peaks, large 
magnetoresistance at low temperature and low-field magnetoresistance (see [Dör00]) in 
resemblance to the behaviour of polycrystalline films with random grain orientation. This last 
observation has been attributed to a phase-separated granular nature of these oxygen-deficient 
films where metallic regions are separated by (narrow) insulating ones. Another interesting 
result is the onset of effective oxygen uptake in the studied oxygen-deficient films in air 
atmosphere at a temperature as low as 80 oC (Fig.5.1d), monitored by a resistance 
measurement during heating the sample.    
Most deposition methods are capable of in-situ multi-component growth using several targets. 
Perovskite-like oxides with a pseudocubic lattice constant of about 3.7 - 4.0 Å, including 
those oxides used as substrates, may be grown in heteroepitaxial multilayers if no chemical 
incompatibility is present. Thus, tunnel trilayers of conducting manganites and insulating 
SrTiO3 have been prepared [Lu96, Vir97, Gup99] (cmp. Sec.6.2). Periodic alternating 
multilayers of two components have been grown by several groups. If epitaxial, they form 
crystallographic superlattices (Fig.5.2). Examples are [La0.7Sr0.3MnO3/SrTiO3]n [Sah01], 
[La0.6Sr0.4MnO3/La0.6Sr0.4FeO3]n [Kaw99], [LaMnO3/SrMnO3]n [Sal99], 
La0.7Ca0.3MnO3/Al2O3 (non-epitaxial) [Luo00], SrO/(La,Sr)MnO3 (artificial construction of 
the Ruddlesden-Popper phase (La,Sr)Mn2O7) [Tan00], [La2/3Ca1/3MnO3/La2/3Ba1/3MnO3] 
[Gro00], [PrMnO3/SrMnO3]  [Mer03] and [(La,Sr)MnO3/YBa2Cu3O7]. Further oxides in 
multilayers with manganites include SrRuO3, CaTiO3 (the perovskite), ferroelectrics 
(Ba,Sr)TiO3 and Pb(Zr,Ti)O3 (Sec.7.), and some cuprate superconductors. Furthermore, 
epitaxy with Pt metals seems possible since it has been achieved on SrTiO3(001) [Sil05]. 
The fabrication of small lateral structures is reviewed by Haghiri-Gosnet [Hag03]. A 
comfortable technique for larger structures (200 µm) is based on shadow masks used during 
deposition [Wor00b, Luo00, Thi05a]. Photolithography combined with chemical etching or 
ion milling can define structures down to near 1 µm width. Electron beam lithography 
[Hag03] and Focused Ion Beam (FIB) [Ces05] were used to fabricate lateral nanostructures 
down to below 100 nm.  
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Figure 5.2. a) (Adapted from [Kaw99].) Epitaxy of two perovskites ABO3 / A`B`O3 can create two distinct interface 
types (AB`O3 or A`BO3) in dependence on the surface termination (A or B) of the lower layer. b) HRTEM of a 
coherent La0.7Sr0.3MnO3 / SrTiO3 multilayer (courtesy of K. Vogel and H. Lichte, University of Technology 
Dresden). c) (Adapted from [Mer03].) High-resolution transmission electron microscopy (HRTEM) image of a 
heteroepitaxial multilayer of alternating SrMnO3 and PrMnO3. d) (Adapted from [Leb98].) Cross section of a 
La2/3Ca1/3MnO3 / SrTiO3(001) film with an internal interface separating a coherently strained lower layer from an 
upper layer showing columnar growth.  
a) Surface termination 
c) 
b) 
100 nm 
d) 
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5.1.2   Lattice structure 
 
Substrates with cubic lattice commonly induce a tetragonal distortion to an epitaxially grown 
film. (As an exception, for certain larger lattice misfits, dislocation formation at the interface 
may be followed by unstrained growth of the film [Gom99].) Additionally, the film may be 
split into “structural” domains of different lattice orientation for orthorhombic or 
rhombohedral compounds [Mau03]. X-ray diffraction is the mostly employed technique for 
investigations of the crystallographic lattice structure of films. (Neutrons are rarely used since 
films have too low volume.) Phase purity, lattice orientation and approximate out-of-plane 
lattice constants of films are determined by standard x-ray diffraction (XRD) in Bragg-
Brentano (Θ - 2Θ) geometry. Shifts of the out-of-plane lattice constant with respect to the 
bulk value indicate the strain state of films. The in-plane texture can be characterized by φ 
scans or pole figures, strain states by reciprocal space mapping. Periodic multilayers show 
superlattice reflections around the main peaks [Sah01], with their intensity related to the 
interface roughness [Lia04].  
 
 
5.2   Microstructure, domains and other local properties 
 
In this paragraph, some results obtained by local probes techniques on manganite films are 
reviewed from literature. Sec.5.2.1 discusses some own results on heteroepitaxial multilayers.  
 
5.2.1 Transmission Electron Microscopy (TEM): microstructure down to 
the atomic level 
 
There is a number of investigations of the local lattice structure and interface structure by 
TEM, e. g. [Yan04], [Wie99], [Leb98], [Mau03]. Distortions from the original bulk symmetry 
have been investigated for La1-xCaxMnO3/SrTiO3(100) [Leb98, Yan04]. Up to a critical 
thickness, epitaxial films usually grow coherently strained. Thicker films may have a two-
layer structure of a coherently strained bottom layer and a (partially) strain-relaxed, possibly 
defect-rich upper layer, both separated by a defect-rich zone [Leb98],[Wie99]. For MgO(001) 
substrates with large lattice misfit, dislocations reside directly at the substrate-film interface 
[Gom99]. In superlattices, coherent interfaces of manganites (like La0.7Sr0.3MnO3) with
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dielectric oxides (like SrTiO3) have been found, irrespective of the interface roughness. It has 
been proven for La0.7Sr0.3MnO3/SrTiO3 that very smooth interfaces (with low interdiffusion 
checked by electron energy loss spectroscopy (EELS) [Pai02, Sam03]) can be obtained 
[Gro00, Wie99, Sam03].     
An investigation of thickness-dependent properties of La0.7Sr0.3MnO3/SrTiO3(001) single 
films revealed results which are essentially consistent with those from literature mentioned 
above. In Fig.5.3, the smooth nature of a 14 nm thin film is visible; at higher resolution, 
coherent growth at the interface and absence of dislocations has been checked for several 
TEM samples. (All TEM images of my samples shown in this work have been taken by K. 
Vogel, group of H. Lichte at the Institute of Applied Physics, University of Technology 
Dresden.) In the lower panel of Fig.5.3, an example of a pronounced columnar growth found 
for a 90 nm thick La0.7Sr0.3MnO3/SrTiO3(001) film is given. Note that the columnar growth 
starts at a critical film thickness of about 30 nm. The lower-lying film is coherently grown. 
The film morphology may change with the growth parameters (in particular, depending on the 
deposition temperature and the oxygen pressure) and the substrate-film material combination. 
Thus, inspite of a larger misfit, La0.7Ca0.3MnO3/SrTiO3(001) films have been found to grow 
without columns at least up to 100 nm thickness. It has been speculated that the orthorhombic 
lattice structure of the Ca doped compound (in contrast to the rhombohedral one of the Sr 
doped) can accommodate the misfit strain in an alternative way, for instance by formation of 
structural domains of various orientations.  
Periodic multilayers of La0.7Sr0.3MnO3 and SrTiO3 layers on SrTiO3(001) substrates have 
been investigated for various layer thicknesses [Dör01, Sah01, Wal01]. Θ-2Θ x-ray 
diffractograms reveal the sole presence of 00l reflections (i. e. the epitaxial orientation of the 
layers as checked also by in-plane texture measurements) and the presence of satellite peaks 
around the central reflections originating from the superlattice reflection. The distance 
between the satellites is related to the superlattice period Λ = dLSMO + dSTO  as Λ = λ / (2 |sinθn 
– sinθn+1|), with the x-ray wave length λ and the angular positions of neighbouring satellites 
θn and θn+1. Superlattice periods down to Λ = 3.5 nm have been investigated. Fig.5.5 shows 
the diffractograms of several samples in the vicinity of the 002 reflection. The number and 
clarity of the detected satellites (obtained with an ordinary x-ray diffractometer) is a measure 
indicating a low interface roughness. HRTEM cross sections (Fig.5.4) of several multilayer 
samples with Λ = 4 – 20 nm give evidence for the coherent growth throughout the interfaces. 
This is true irrespective of (i) the interface roughness which is difficult to determine correctly 
from the images without more sophisticated analysis [Sam03], but can be assumed to be of  
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Figure 5.3: Cross sections of a 14 nm thick and a 80 nm thick epitaxially grown film of 
La0.7Sr0.3MnO3 / SrTiO3(001) imaged by High Resolution TEM (courtesy of K. Vogel and H. Lichte, University 
of Technology Dresden). The thinner film appears to be coherently strained without detectable lattice defects, the 
thicker has grown in columnar way starting at a certain critical thickness of about 30 nm. 
5.2   MICROSTRUCTURE, DOMAINS AND OTHER  LOCAL PROPERTIES 49  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.4: Cross section views of a coherently grown [La0.7Sr0.3MnO3 / SrTiO3]n / SrTiO3(001) multilayer. 
Courtesy of K. Vogel and H. Lichte, TU Dresden. 
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the order of one unit cell from the images and (ii) an increasing tendency of a “wavy” growth 
of layers with increasing total thickness of the multilayer stack that is more pronounced for 
decreasing single layer thickness. The latter feature might be related to a mechanism of 
mechanical stress relaxation which is known for multilayers of elemental metals [Shi00a, 
Shi00b]. For the present oxides, the chemical complexity provides much more degrees of 
freedom for a stress relaxation; hence, the real origin of the wavy structure is difficult to 
reveal. It is worth noting that epitaxial multilayers provide a good opportunity to (i) study 
very thin manganite films and (ii) vary their strain state in a certain range by adapted choice 
of the insulating interlayer and its thickness. However, the interpretation of strain states is 
rather difficult because the lattice parameters of the manganite layers are not identical with 
those of the multilayer derived from the usual x-ray diffraction (Fig.5.5b), but both 
components need to be measured individually. 
 
 
5.2.2   Scanning tunneling techniques (STM, STS, STP) 
 
Scanning Tunneling Microscopy (STM) and Spectroscopy (STS) have provided some 
important results on the inhomogeneous distribution of metal and insulator phases (phase 
separation) in manganite films [Fät99, Bec02, Ren02]. The local metal or insulator character 
is derived from the current-voltage (I-V) characteristics measured at the tip position. Since the 
underlying process is electron tunneling, few atomic layers at the surface are probed. Fäth et 
al. recorded magnetic-field-induced changes in the phase distribution [Fät99]. The surface 
topology can be imaged simultaneously with a resolution down to the atomic level [Ren02]. 
Spin-polarized STM was demonstrated by Akiyama et al. who employed a PtIr tip covered by 
La0.7Sr0.3MnO3 [Aki01]. Scanning Tunneling Potentiometry (STP) is utilized to map the local 
distribution of the electric potential arising when a current / voltage is applied to the sample 
[Gre02]. Steps in local potential were detected, for instance, at grain boundaries 
(demonstrating their high resistance) and at step edges [Par03].  
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Figure 5.5: Upper panel: x-ray diffractograms of  four periodic multilayers of [La0.7Sr0.3MnO3 / SrTiO3]n / 
SrTiO3(001) showing the (002) main reflection and a number of superlattice reflections. Layer thicknesses of 
LSMO and STO are indicated in nm (“7.5 / 4.2” etc.). S denotes substrate reflections. Lower panel: Averaged 
out-of-plane lattice parameter of several multilayers plotted vs. the thickness ratio of LSMO and STO. Lattice 
parameters of STO and single films on STO are shown for comparison. 
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5.2.3   Atomic Force Microscopy (AFM): surface topology 
 
This technique is widely used in order to check the surface topology of films after preparation 
(e. g.,  [Rij97, Rij04, Thi05a]). It has a lateral resolution of several nm, well below the typical 
grain size in films. Vertical resolution can be very good (below 1 Å), in dependence on the tip 
quality and the noise level. Average rms (route mean square) or peak-to-valley roughness are 
given for characterization of a grown film. Line scans on smooth films reveal surface steps of 
the height of one pseudocubic unit cell. This observation indicates the stable termination of 
the film, i. e. the surface layer does not alternate between the two possible ones for the 
perovskite lattice [Rij04] (Fig.5.2a).  
 
 
5.2.4   Magnetic Force Microscopy (MFM): magnetic domains 
 
Magnetic Force Microscopy has been applied to image magnetic domains of manganites with 
a resolution down to ∼30 nm [Wu99, Soh00, So01, Soh03, Sch04]. Usually, the perpendicular 
component of the local magnetization is recorded. Compressively strained films of 
La0.7Sr0.3MnO3/LaAlO3(100) show strain-induced magnetization perpendicular to the film 
plane, with a domain size of about 200 nm [Wu99]. In a similar film, Schwarz et al. 
visualized the magnetization reversal (Barkhausen effect) of a large number of domains and 
studied the domain nucleation behaviour [Sch04]. Soh et al. discovered a prevailing grain 
boundary magnetization above the volume TC in strained La0.7Sr0.3MnO3 /SrTiO3 films 
[Soh03]. Pinning of domain walls at crystallographic twin boundaries has been investigated 
by Popov et al. [Pop02]. 
 
 
5.2.5   Optical techniques 
 
Magneto-optical techniques applied to manganite films include (i) Kerr microscopy and 
spectroscopy [Jun05, Tok04, Suk02], sometimes using a garnet indicator film covering the 
sample [Tok04, Vla00], (ii) magneto-optic ellipsometry [Rau05], and (iii) Second Harmonic 
Generation (SHG) [Kir02; Fie05a,b]. Pump-probe Kerr spectroscopy [Gil04] allows to 
investigate magnetic surface dynamics in the pico-seconds range. The domain structure (also 
5.2   MICROSTRUCTURE, DOMAINS AND OTHER  LOCAL PROPERTIES 53  
antiferromagnetic domains [Fie05a,b]) and the (spin-polarized [Rau05]) absorption / 
transmission spectra in dependence on the incident light wavelength and polarization, on 
temperature and an applied magnetic field are the major objects of investigations. Light can 
excite charge carriers in insulating manganites and create short- or long-lived local 
conducting states (e. g., [Fie98]).  
 
 
5.2.6   Photoemission Spectroscopy (PES), UPS and XPS 
 
Photoemission, like tunneling spectroscopy, measures surface properties with a probing depth 
of few atomic monolayers. This brings about a strong influence of surface contaminations 
(like carbon). Considering the high oxygen mobility in these oxide perovskites, finding an 
appropriate surface cleaning treatment in vacuum prior to measurements is a challenging 
problem. Single crystals might be cleaved. Thin films, if not prepared in-situ, are transported 
to the vacuum chamber and subject to cleaning / annealing procedures [Ilr96, Cho99, Jon03]. 
Several groups have reported on deviating stoichiometry of film surfaces for Sr, Ca and Pb 
doped LaMnO3 (for instance, [Cho99, Bor00, Jon03, Bey06]). No systematic trends of surface 
segregation could be confirmed yet, like segregation of the large alkali ions. Park et al. 
derived the half-metallic character of a La0.6Sr0.4MnO4 film surface by a spin-resolved 
photoemission (SPES) experiment [Par98a, Par98b].  
 
 
 5.3   Effects of film thickness and strain on magnetic 
         poperties 
 
Early publications on thin films of FM manganites provided a rather wide spread of TC and 
resistivity values for nominally equal samples, revealing the strong influence of the 
microstructure. Meanwhile, numerous studies have addressed thickness-dependent properties 
of films from about 2 nm to 200 nm (e. g., [Aar98, Pra99, Wal00, Sun99, Bib01]). For a film 
thickness d > 150-200 nm, films typically behave like bulk material since the epitaxial strain 
has been relaxed by defect formation in a substrate-near layer. Finite size (thickness), biaxial 
strain and oxygen content have been recognised as parameters governing the thickness-
dependent behaviour and will be discussed in the following.
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Typically, thin films show a decrease of TC and TMI with decreasing thickness [Aar98, Sun99, 
Wal00, Sah01, Pra99, Zie02b]  (Figs.5.6, 5.7). The metal character is lost below a critical film 
thickness. This originally led to the proposal of a “dead layer” at surfaces of a manganite film 
which is characterized by low magnetic order (“magnetically dead”) and low electric 
conductivity [Sun99]. However, all three of the above mentioned parameters might influence 
the properties of such ultrathin (< 10 nm) films. 
The isolated effect of finite thickness has been investigated for some series of low-strain films 
[Zie02b, Wal04] (Fig.5.8). The precondition of low strain has been achieved by a very low 
lattice mismatch of the substrates, for instance in La0.7Ca0.3MnO3/NdGaO3 [Wal00], 
La0.7Ba0.3MnO3/SrTiO3 or La0.7Sr0.3MnO3/LSAT (see the table of lattice parameters in the 
attachment). Another way to obtain low-strain films is the annealing of as-grown films at a 
temperature of 900 - 1000 oC [Ju98]. The full oxygen content of La0.7A0.3MnO3 bulk phases is 
obtained under normal conditions (air). The low-strain films were cooled in an oxygen 
atmosphere after deposition; the TC of the thick films was in agreement with that of bulk 
phases, indicating the nominal O stoichiometry. For such film series of low-strain films, TC 
was found to follow a typical scaling law  1 – TC/TC∞ = (N0/N)λ  with TC∞ as the large 
thickness limit, N the number of unit cell layers, N0 the layer number for TC = 0 and the 
critical exponent λ [Zie02b, Wal04]. The fitted value of N0 is rather low, usually below 4. 
Fig.5.8 gives two examples of a LCMO/NdGaO3 film series and a LSMO/SrTiO3 multilayer 
series where TC nicely follows the finite size scaling law down to a layer thickness of 9 and 5 
unit cells, respectively. The fitted critical exponent is in the range of values known from 
ferromagnetic films of metal alloys. Low-strain films of a thickness of 10 unit cells (d = 4 nm) 
of La0.7A0.3MnO3 (A = Sr; Ca) are still metallic conductors, for A = Sr this is even true for d = 
2.8 nm. Hence, the vanishing metal character and the suppressed TC for even thinner films 
might be a natural finite thickness effect rather than a consequence of  intrinsic dead layers at 
manganite surfaces. Such dead layers may exist with a width of one or two unit cells. 
The magnetization and electrical resistance of ultrathin films have been analysed for 
LCMO/NdGaO3 single films [Wal00] and LSMO/SrTiO3 [Sah01, Dör01, Wal01] multilayers. 
Fig.5.9b shows the saturated magnetization of LSMO layers of 2 – 10 nm thickness in 
multilayers with different interlayer thickness.  It drops to about 2 µB / Mn in the thinnest 
films, but does not indicate the trend of a rapid decrease towards low thickness as expected 
for a magnetically dead  layer. Possibly, magnetic exchange coupling through the narrow 
interlayers enhances the magnetization. However, our experiment did not show a clear 
dependence of the magnetization on the interlayer thickness. Fig.5.9a shows the temperature- 
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Figure 5.6: Thickness-dependent properties of epitaxial films. (a) Resistivity and (b) magnetization of 
La0.67Ca0.33MnO3/SrTiO3(001) films, inset: Thickness dependence of the metal-insulator transition 
temperature (TP)  and ferromagnetic Curie temperature. (All adapted from [Bib01].) (c) Resistivity vs. 
temperature of La0.7Ca0.3MnO3/NdGaO3 low-strain films. (d) (Adapted from [Zha01].) Thin 
La0.95Ba0.05MnO3/SrTiO3(001) films are metals, contrary to insulating bulk behaviour. Enhancement of 
conduction and metal-insulator transition by tensile strain as observed in this case is exceptional for 
manganite films. 
     d) 
c) 
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sample thickness 
(nm) 
 TMI (K) TC (K) MR (%) MS  
(emu g-1) 
A 165.5  264  256  -0.3  86 
B 94.5  260   -0.23   
C 65.4  260  256   80 
D 47.3  258  250   83 
E 18.0  252  245  -0.96  92 
G 14.0  248   -1.53   
H 6.2  236  226  -3.1  82 
I 3.5  182  166  -6.73  86 
J 2.0  none    
 
 
Figure 5.7: Thickness dependence of the ferromagnetic Curie temperature TC and the metal-
insulator transition temperature TMI for epitaxial La0.7Ca0.3MnO3 films. a) Comparison of the 
series of low-strain films on NdGaO3 (110) (NGO) substrates with films (i) under tensile strain 
on SrTiO3(001) (STO) substrates and (ii) compressively strained on LaAlO3(001) (LAO) 
substrates. b) Table of thickness-dependent film parameters. MR denotes the magnetoresistance 
at 20 K and 5 T which probes the degree of magnetic disorder in the films. MS is the spontaneous 
magnetization measured at 20 K. 
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dependent in-plane resistivity and magnetoresistance of LSMO/STO multilayers. A crossover 
from metal to insulator character of the manganite layers is observed at a thickness of about 3 
nm. It is interesting to note the appearance of similar features as for grain boundary transport 
(Sec. 6) or for the oxygen-deficient epitaxial films (Fig.5.1). This observation is attributed to a 
cluster state of the ultrathin films where metallic regions are separated by insulating parts. 
The metallic cluster hypothesis is further supported by the observation of a current-dependent 
resistance (Fig.5.9c) and results of an ellipsometry study which allows one to analyse the 
metal and insulator phase fractions in ultrathin films (Figs.5.10, 5.11) [Rau02].  
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Figure 5.8: Ferromagnetic Curie temperature vs. film thickness in numbers of pseudocubic unit cells 
(N) for La0.7Ca0.3MnO3/NdGaO3(110) low-strain films (LCMO) and La0.7Sr0.3MnO3 (LSMO) layers in 
periodic multilayers with SrTiO3 (STO). TC0 denotes the asymptotic value at large thickness. Lines are 
fits to a finite size scaling law (see text, with ν = 1/λ). 
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Figure 5.9: In-plane resistivity and sponatenous magnetization of ultrathin manganite layers in 
[La0.7Sr0.3MnO3/SrTiO3]n multilayers. a) Crossover from metal-like to insulating temperature dependence of 
resistivity, solid (dashed) lines are measured in zero (in 5 T) magnetic field. Arrows mark the magnetic 
transition temperature. b) Spontaneous magnetization, the series 1 – 3 differ in the thickness of SrTiO3
interlayers (see text). The line is calculated for a model film with magnetically dead layers being one unit cell 
thick on both film surfaces. c) Non-linear resistance of two ultrathin films, showing a reduction of the 
resistance with increasing current. 
 
a) 
b) 
 
c) 
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The temperature-dependent complex dielectric function of the La0.7Ca0.3MnO3/NdGaO3 low 
strain films with d = 2 nm; 14 nm has been determined from ellipsometric spectra in the range 
of 0.5 – 5 eV. The temperature-dependent redistribution of the low-energy spectral weight 
(see also [Rau06]) is used to monitor the gradual development of the metal phase below an 
onset temperature which approximately agrees with the ferromagnetic ordering temperature. 
For the 2 nm film which has an insulating R(T) behaviour, a clear signal of the metallic phase 
has been detected. It was found that all investigated films contained a temperature-dependent 
volume fraction of metal phase, irrespective of their global metal or insulator character. Bibes 
et al. analysed the relative concentration of  Mn ions involved in fast electron transport in 
La0.67Ca0.33MnO3/SrTiO3 films by Nuclear Magnetic Resonance (NMR) [Bib01]. Similarly, 
they found evidence for the presence of the metal phase in the “globally” insulating ultrathin 
films.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: Upper panel: Spectrum of the ellipsometric parameters Ψ and ∆ (measured and calculated values 
as indicated) of a La0.7Ca0.3MnO3/SrTiO3 film at three temperatures, i. e. below, near and above the metal-
insulator transition temperature [Rau02]. Lower panel: Real (ε1) and imaginary (ε2) part of the complex dielectric 
function. The colored lines denote the contributions of the charge carriers (red) and the Lorentzian oscillators. 
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In certain cases of film-substrate combinations, either (i) much stronger reduction of TC with 
decreasing thickness [Pra99, Bib01] (Fig.5.7) or (ii) even an increase of TC  [Zha01] with the 
reduced thickness (Fig.5.6d) has been found. Here, the biaxial strain of the films grown 
epitaxially on mismatching substrates substantially alters the film properties. Millis et al. 
pointed out a strong intrinsic sensitivity of manganites towards biaxial lattice distortion 
[Mil98b]. The strain dependence of TC can be phenomenologically described for the cubic 
lattice using the bulk compression εb = - 1/3 (εxx + εyy + εzz) and the biaxial distortion ε∗2 = ¼ 
(εxx - εyy)2 + 1/16 (2εzz - εxx - εyy)2 of the film as [Mil98b] 
 
TC (εb, ε*) = TC(0,0) (1 + α εb – ∆/2 ε∗2) ( with α, ∆ > 0)   (5.1) 
 
 
Figure 5.11: Temperature dependence of the charge-carrier contribution derived from analyses of the 
ellipsometric parameters as in Fig.27a for several La0.7Ca0.3MnO3 films of different thicknesses on SrTiO3
(upper panel) and on NdGaO3 (lower panel) substrates [Rau02]. The thinnest films (2 nm, 4 nm) clearly 
have a volume fraction of metallic phase, while their global electric transport behaviour is insulator-like.  
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εxx, εyy, and εzz denote the relative length changes (i. e. the diagonal elements of the strain 
tensor) in the x, y and z direction of the film, with z perpendicular to the film plane. The shear 
strains εxy etc. can be neglected if the bending of the film is negligible. For the cubic lattice, 
there is no linear term in ε∗ in eq.(5.1) [Mil98b]. Eq.(5.1) implies that biaxial distortion (ε∗) 
of a cubic phase always reduces the ferromagnetic order, while the elastic reaction of the film 
perpendicular to the strained film plane (the Poisson number) decides about the strain-induced 
volume change εb. Enhancement of TC in a strained film is possible for a dominating volume 
compression, as in the case of compressively strained La0.9Sr0.1MnO3/SrTiO3(001) [Che02]. 
Almost all experiments on films under tensile strain show pronounced reduction of TC 
[Hag03], of an order of 10 % for 1 %  of in-plane strain. An exception is La1-xBaxMnO3 (x = 
0.05 – 0.2) on SrTiO3(001): 20 nm thick films show a much larger TC than bulk material 
[Zha01] (Fig.5.6d). In this case, the assumption of a cubic unit cell fails; instead, an originally 
tetragonal cell is distorted towards a more cubic shape by the tensile strain. The distortion was 
assumed to modify the eg orbital occupation towards a stronger occupation of the in-plane x2-
y2 orbitals. Further, this should decrease the localization tendency of the eg electrons resulting 
from the predominant out-of-plane orbital occupation in the unstrained state [Zha01]. 
Similarly, Klein et al. proposed a strain-induced orbital ordering in 
La0.67Ca0.33MnO3/SrTiO3(001) under tensile strain [Kle01]. At present, the microscopic 
consequences of the epitaxial strain in a sense of variation of bond characteristics (bond 
angle, bond length, covalent or ionic character od bonds, orbital occupation) are not well 
understood yet. 
The magnetic anisotropy of FM manganite films is altered  considerably by the stress-induced 
anisotropy contribution [Suz97, Nat99, Ste99, Wu00c]. Strong compression in the film plane 
turns the magnetic easy axis to perpendicular to the film plane. Typically, the 
magnetostriction is positive, but there are exceptions with more complex behaviour. 
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6   Electrical transport: spin-polarized tunneling 
    
After the intrinsic electric transport of metallic FM manganites (observed in single crystals 
and epitaxial films) has been discussed in Section 4, the first part of Section 6 is concerned 
with the electric transport in polycrystalline samples. Grain boundaries may dominate the 
resistance in polycrystalline manganites. The second part addresses the spin-polarized 
electron tunneling in epitaxial trilayer structures.  
 
 
6.1   Grain boundaries 
 
Grain boundaries (GB) are the origin of an additional resistance in polycrystalline 
manganites, because the magnetic disorder at GBs is associated with high resistance. 
Characteristic features of the GB magnetoresistance are (i) a R drop by up to ∼33 % 
accompanying  the alignment of the magnetization inside grains in a moderate field (of the 
order of 0.1 T) and (ii) an ongoing reduction of R in the Tesla range (up to > 60 T [Koz04]) 
(Fig.6.1). Therefore, the first R drop has been called “low-field magnetoresistance” (LFMR) 
and the second “high-field magnetoresistance” (HFMR).  
As pointed out by Hwang et al. [Hwa96], the LFMR originates from tunneling (or hopping) of 
spin-polarized electrons through the GBs, in analogy to tunneling between ferromagnetic Ni 
grains in an insulating SiO2 matrix (“granular magnetoresistance”) that has been treated 
earlier by Helman and Abeles [Abe76]. The high spin polarization of electrons in metallic 
manganites results in a large granular tunneling MR (LFMR). Note that the direct tunneling 
mechanism cannot account for the HFMR (assuming that the tunnel barrier itself is not altered 
by the magnetic field).  
The LFMR seemed promising for application in versatile magnetic field sensors. Hence, 
numerous types of GBs have been studied, including single (artificial) grain boundaries in 
films grown on bicrystals [Ste97, Eve98, Kle99, Gro00 Gun02], polycrystalline films [Vla98, 
Wal99], sintered bulk ceramics (early work: [Schi95, Hwa96, Bal98]), cold-pressed powder 
samples and step edge junctions [Zie99]. Bicrystal experiments gave direct evidence for the 
GB resistance by comparison of two stripe elements in a film, with only one of them crossing 
a GB. Unfortunate for applications, the temperature dependence of the LFMR turned out to be  
6.1   GRAIN BOUNDARIES 63  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: (a) (Adapted from [Gro00].) Low-field magnetoresistance of La2/3Ca1/3MnO3 with and without grain 
boundaries, showing the characteristic steep resistance drop in low magnetic fields from spin-dependent transport 
between grains.  (b) Conductance normalized to the value obtained in zero field measured on a polycrystalline non-
textured La0.7Sr0.3MnO3 / YSZ(001) film [Koz03a]. Note the nearly linear magnetoconductance at low 
temperatures. 
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severe, with LFMR ≤ 1% at 300 K even for compounds with a bulk TC of 370 K. Considering 
the close correlation of electron transfer and magnetic order in manganites, a layer of reduced 
magnetic order around grain boundaries was proposed. Balcells et al. have measured the 
reduced magnetization of grain surface layers in ceramics with low grain sizes (20 nm – 100 
nm) [Bal98]. In general, the disturbed GB layer has a too low volume fraction for the 
detection of its magnetization contribution. Plan-view HRTEM of a bicrystal GB indicates the 
confinement of the structural disorder at the GB to a range of very few lattice constants 
[Gro01]. Probably the best magnetic resolution of a GB has been achieved by magnetic force 
microscopy (MFM) so far [Soh00]. This experiment records an increased magnetization and 
TC at a bicrystal GB in a La0.7Sr0.3MnO3/SrTiO3 film. This unexpected behaviour originates 
from the substrate-induced tensile stress in the film and its release near the GB [Soh02], 
underlining the crucial role of mechanical strain. Since no really direct methods exist for the 
investigation of GB magnetism, most information has been derived from electrical transport 
measurements so far.  
 
 
6.1.1   Grain boundary transport models 
 
All models assume the existence of a some nm wide layer around GBs with a magnetic 
structure deviating from that of the grains` interior. The GB layer is often treated as a 
magnetic phase with an ordering temperature and a magnetization Mgb. The proposed models 
are rather numerous and can be distinguished as follows: (i) Electrons move between grains 
either by tunneling or by (possibly activated) conduction. The latter case is considered in the 
mesoscopic MR model of Evetts et al. [Eve98]. (ii) Electron tunneling may proceed directly 
[Hwa96] or via localized magnetic states inside the GB layer [Lee99, Kle99]. Single GBs 
[Tod99, Kle99, Par03] and step edge boundaries [Zie99] show typical non-linear I-V 
characteristics. The voltage dependence of the conductance  
 
G(V,T) = I / V = G0(T) + Gα(T)Vα(T)       (6.1) 
 
with a temperature-dependent exponent α may indicate the dominant tunneling process. For 
instance, α = 2 for direct tunneling at intermediate V [Sim62] – the well-known parabolic 
conductance behaviour - and α = n – 2/(n+1) for tunneling via n localized states, n ≥ 1 
[Gla88, Kle99]. Paranjape et al. report an α = 0.5 and attributed it to tunneling between 
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disordered electrodes [Par03]. (iii) The tunnel barrier (height, width) at GBs may depend on 
the magnetic field [Gun02]. The barrier might (partially) arise from an increased chemical 
potential for charge carriers due to the magnetic disorder in the GB layer [Fur97]. One 
consequence of a chemical potential shift in the GB layer is a depletion of charge carriers 
[Kle99]. Another consequence would be the reduction of the tunnel barrier in large magnetic 
fields due to an increase of Mgb and, thus, large negative HFMR. (iv) With increasing 
temperature, spin-flip processes which involve the excitation of bulk or surface magnons 
might become important [Gui98]. 
 
 
6.1.2   Magnetoconductance for tunneling (assuming spin conservation) 
 
Direct tunneling: In a granular medium, the MR can be calculated from the spin polarization 
P and the magnetization m = M/M|| (normalized to the value M|| for parallel spin orientation) 
like [Ino96] 
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If the grains` magnetization vectors are randomly aligned at H = 0 (as assumed for eq.(6.2)), 
the maximum reduction of R is 50 % for P = 1. At very low temperature and for low grain 
size, tunneling might be suppressed due to charging of grains, the Coulomb blockade effect. 
In this regime, simultaneous tunneling of two electrons (one towards and one from the grain) 
may take place, the so-called co-tunneling process. Co-tunneling enhances the MR [Gui98]. 
Indirect tunneling via localized states in the barrier: According to a simple approach 
proposed by Lee et al. [Lee99], the tunneling probability via a boundary state with the spin sb 
is (approximately) proportional to (1+s1⋅sb)(1+ sb⋅s2), with s1, sb and s2 denoting unit vectors 
parallel to the spins of the left electrode, the boundary state and the right electrode. In low 
fields, disordered grain boundary spins are assumed: <sb> = 0 (Mgb = 0). The derived LFMR 
obtained at the saturation field HS of magnetization is 
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for tunneling via n boundary states (n ≥ 1) [Lee99], [Zie05], with the normalized saturated 
sample magnetization mS. Note that the obtainable LFMR decreases with the number of 
tunneling steps. The maximum value 4/3 obtained for n = 1 (only roughly) agrees with the 
experimental observation of a maximum LFMR of 33 %.  
In large fields H > HS, the conductance increases together with GB magnetic order. With the 
normalized GB magnetization mgb, the conductance is estimated as   
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1 2221 HmmHmmmG gbsgbSS +++∝      (for n = 1)    (6.4) 
 
(For n > 1, cmp. [Zie05].) For small mgb the last term vanishes, leaving a field-dependent 
conductance slope of 1/G(H = 0) dG/dH = 2mSχgb [Lee99] with the GB susceptibility χgb = 
dmgb/dH. A mean-field calculation for the particular case of an antiferromagnetically ordered 
GB obtains another prefactor for χgb [Sun03], but otherwise agrees with the above derived 
conductance slope. The experimentally found case of a linear G(H) [Koz04] (Fig.6.1b) is 
consistent with a constant susceptibility χgb = const. (and mgb << 1 ).  
 
 
6.1.3   Grain boundary transport of textured La0.7Sr0.3MnO3 films 
 
Polycrystalline films of manganites can be grown on monocrystalline substrates with large 
lattice misfit or on polycrystalline substrates. Typically, there is no in-plane texture in such 
films even if there might be a preferential out-of-plane orientation, i. e. adjacent grains have 
random misorientation angles. We discovered a borderline case where the in-plane texture of 
polycrystalline La0.7Sr0.3MnO3 films can be controlled by adjusting the deposition temperature 
(TS) [Wal99]. Y-stabilized ZrO2(001) substrates and manganites have a rather large lattice 
misfit (Tab.1). Nevertheless, distinct in-plane orientation of manganite films is achievable as 
has been observed for films grown between 750 oC and 850 oC by pole figure measurements 
(Fig.6.2). X-ray diffractograms reveal an evolution of the out-of-plane orientation with TS 
from predominating (110) to (100) with the crossover at about 750 oC and back to (110) at 
about 850 oC. At TS ~ 800 oC, a volume fraction of about 85 % of the grains (estimated from 
peak areas in x-ray diffraction patterns) is epitaxially grown in cube-on-cube orientation 
(LSMO(001)||YSZ(001), LSMO[100]||YSZ[110]). At TS ~ 850 oC, two epitaxial orientations  
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Volume fraction Film  TS  
(°C) (100)  (110)  (111)  
In-plane  
texture  
Tc  
(K)  
A  600     no  350  
B  680  1  44  55  no  360  
C  710     no  ¯   
D  850  12  79  9  yes 365  
E  820  25  44  31  yes  ¯   
F  750  81  10  9  yes  362  
G  800  85  12  3  yes  356  
 
 
sample G 
sample D 
Figure 6.2: Upper panel: Table of the film series with varied texture, La0.7Sr0.3MnO3/Y:ZrO2(001) [Wal99]. Abbreviations 
denote: TS – substrate temperature during film deposition, volume fractions of grains with the orientations (100), (110) and 
(111) derived from x-ray peak area analysis of diffractograms, TC – ferromagnetic Curie temperature. Sample names are in the 
sequence of decreasing resistivity (see Fig.6.3). Middle: X-ray diffractograms (# substrate, * (l00) reflections, + (ll0) refl., o 
(111) refl., x substrate Kβ refl.). Lower panel: Pole figures of indicated reflections for two films revealing the different type of 
in-plane texture. 
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coexist (Fig.6.2c): LSMO(110)||YSZ(001), 1. LSMO[100]||YSZ[110] and 2. 
LSMO[100]||YSZ[100], the film is bi-epitaxial.  
After discovery of the gradually tunable texture, a film series (samples A-G) with varied TS = 
600 oC – 850 oC has been prepared. Apart from texture, the grain size and the grain contact 
area are expected to increase with increasing TS. Fig.6.3a shows the gradually changing 
character of the resistivity ρ(T) of these films. The samples of the series have been named in 
the sequence of decreasing resistivity. The (nearly) epitaxial film G has obviously a connected 
network of epitaxially oriented grains, since it shows a negligible contribution of the GB 
resistance (cmp. also the magnetoresistance, Fig.6.3b,c) and behaves like epitaxial 
La0.7Sr0.3MnO3 films. Note that all films have roughly the same magnetization, with a Curie 
temperature of TC = 350 – 365 K. Therefore, the difference in ρ(T) is solely attributed to the 
GB transport which turns the films with reduced or no texture (samples A – C) to insulators. 
Fig.6.3 illustrates the MR behaviour for five of the films in low and high magnetic fields. It is 
obvious that both the LFMR and the HFMR systematically increase with increasing resistivity 
of the films (from G to A). Hence, texture control in polycrystalline films on YSZ(001) 
substrates has allowed us to gradually tune the GB magnetoresistance [Wal99] (though 
texture is not the only varying microstructural parameter, as mentioned above). This finding 
turned out to be very useful for investigations of the GB transport since texture control in 
ferromagnetic manganites is very difficult to achieve in other ways.  
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Figure 6.3: Temperature-dependent resistivity and field-dependent resistance (normalized to the value obtained 
in zero field) for La0.7Sr0.3MnO3 films with varied texture (cmp. Fig.6.2). Note the joined gradual decrease of the 
resistivity, the high-field magnetoresistance and the low-field magnetoresistance from sample A to G. 
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6.1.4   Grain boundary transport in large pulsed magnetic fields 
 
As mentioned above, the magnetoresistance originating from GBs does not saturate in 
magnetic fields of several Tesla commonly applied in the experiments. One may wonder how 
large the magnetic field must be in order to achieve saturation of the GB resistance. Calderon 
et al. [Cal99] estimated a field of about 60 T from a calculation of the strength of 
antiferromagnetic interactions at the surfaces of the ferromagnetic manganite grains.  
At the IFW Pulse Field Laboratory [Kru01], magnetic fields up to 63 T have been obtained in 
a solenoid by current pulses lasting for about 10 – 100 ms. The facility and in particular the 
transport measurement setup is described in detail by N. Kozlova in her PhD thesis [Koz05] 
and briefly in publications [Koz03a, Koz03b, Koz04]. Fig.6.4 gives an overview of the pulse 
field laboratory consisting of (i) the coil and cryostat unit, (ii) the power unit (capacitor bank 
and electric circuit), (iii) the measurement equipment and (iv) the control unit (measuring 
computer and control computer).   Fig.6.5a illustrates the time profile of a typical field pulse. 
It can be altered by inserting different resistors into the electric circuit. The voltage data from 
a sample are recorded by a fast digital oscilloscope (Yokogawa DL708E) during  and after a 
field pulse. An AC or DC technique is applied for the transport measurements (resistance,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: Schematic overview on the pulse field facility and the setup for electric transport measurements. 
DC or AC measurements are possible. The power supply contains a capacitor bank capable to store energy 
up to 1 MJ and a power circuit with thyristor switches and crow bar resistors for modulation of the pulse 
shape [Koz05]. 
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Hall effect). The first is preferable for low resistance samples but demands a complex data 
analysis. This is done by a specially developed algorithm (PhD thesis of N. Kozlova 
[Koz05]). Hence, the setup allows one to measure the magnetoresistance and the resistance 
relaxation after a field pulse for an investigated sample. 
A textured and a non-textured polycrystalline La0.7Sr0.3MnO3 film from the series described in 
Sec.6.1.3 have been chosen for a high field study. Fig.6.1b gives the field dependence of the 
conductance G(H)  = 1/R for the non-textured film (A) at several temperatures between 4.2 K 
and 300 K. The obvious result is a clear lack of saturation up to the applied field of µ0H = 47 
T for all temperatures. Later, a field of 57 T was checked with the same result for this sample 
[Koz04]. Since the high-field magnetoresistance is ascribed to the ordering of GB magnetic 
moments by the field, there must be a strong counteraction against this ordering, i. e. a strong 
antiferromagnetic interaction is indeed present. (The thermal energy at 4.2 K is much to small 
to hinder the alignment.) The lack of saturation  is also observed for the textured sample 
[Koz04], as well as for other polycrystalline manganite samples [Gan06]. They show a slight 
negative curvature of G(H) indicating a tendency towards saturation, but most studied 
samples are still far from saturation at 50 T. 
A second interesting result is the roughly linear field dependence G(H) of the non-textured 
La0.7Sr0.3MnO3 film at low temperatures (Fig.6.1b). It extends over a large range of 
conductance change, up to G / G0 = 6. This simple experimental fact should provide a useful 
tool for the evaluation of models for GB transport: can this case be described ? It is probably 
the extreme case of a very strong antiferromagnetism of GB spins, since all other studied 
compounds (and the textured LSMO film)  show some negative curvature of G(H) indicating 
the beginning saturation. The two-step tunneling process via one local state in the GB 
assumed by Lee et al. [Lee99] (Sec. 6.1.2) is, to my knowledge, the only mechanism proposed 
so far that gives a simple dependence of the conductance slope on the GB layer susceptibility 
χgb, dG/dH ∝ χgb. According to this relation, the linear magnetoconductance means a GB 
susceptibility independent of the magnetic field. This is expected for a sufficiently strong  
antiferromagnet. However, even if GB spins with random orientation at low field were 
completely aligned by the large field (which is certainly a wrong assumption), the two-step 
tunneling conductance could not account for the large observed conductance increase (a factor 
of 6). Thus, inspite of the considerable research efforts of several groups, the problem of a 
quantitative model for GB transport is not solved yet.  
As pointed out by Ziese [Zie99], structural disorder and competing magnetic interactions can 
lead to a spin glass behaviour of the GB layers. Since glassy dynamics means slow relaxation  
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Figure 6.5: a) Time profile of a magnetic field pulse and the resistance recorded on a La0.7Sr0.3MnO3 film (sample 
A of Fig.29). b) Resistance relaxation measured immediately after a field pulse for samples A and D of the 
La0.7Sr0.3MnO3/YSZ(100) film series (Fig.29). Note the stronger relaxation for the non-textured sample A, and at 
the lower temperature. Lines are fits of a logarithmic law (see text). c) Viscosity vs. temperature for the 
polycrystalline films A and D and an epitaxial La0.7Sr0.3MnO3 film C. d) Viscosity of a 
La0.7Ca0.3MnO3/LaAlO3(100) film with a sequence of step edge contacts. 
a) 
d) 
b) 
  
c) 
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after a field change, significant relaxation of GB magnetic order could be observed after a 
large and quick field pulse. The experimental equipment at the pulse field facility offers the 
advantage of recording data in the millisecond and second range after a pulse, covering a time 
window which is usually not accessible with superconducting magnets which do not allow 
sudden field changes. We recorded the time-dependent resistance R(t) for samples A (non-
textured LSMO film), B (textured LSMO film), and C (epitaxial LSMO/STO(001) film) 
(Fig.6.5b,c). A La0.7Ca0.3MnO3 film S on a substrate with parallel steps [Zie99] which induce 
GBs near the edges has also been investigated. In order to test the reliability of the obtained 
relaxation data - in particular because the field pulses may cause a variety of relaxation 
processes as for instance due to heating effects, time-dependent data were also collected in a 
SQUID magnetometer in the minutes range. No significant deviation of the relaxation has 
been found in the time range of few minutes which can be covered by both methods. For all 
LSMO samples, the relaxation was rather weak (few percent, see Fig.6.5b) and approximately 
of logarithmic type. For sample S, it was more pronounced and accompanied by a strong 
hysteresis of the field-dependent conductance G(H). In order to quantify the relaxation 
behaviour, a logarithmic law R(t) = R(t1) [1+ S ln(1 + (t – t1) / t0)] with the viscosity S, the 
time t1 of the first measured point and a time constant t0 (which depends on the sample and 
the field history) has been fitted to the resistance data [Koz03b, Koz04]. Fig.6.5c,d shows the 
temperature dependence of S(T) for the different samples. First, one notes the low value of S 
for the epitaxial film at low temperature (T << TC = 340 K) which supports that the GBs are 
the origin of the relaxation (and not the bulk of the grains). Second, the films A and B have 
larger values of the viscosity which surprisingly increase towards the lowest measured 
temperature of 4.2 K or 1.8 K, respectively. Thermally activated magnetic relaxation must 
vanish towards zero temperature. The sample S behaves as expected for a spin glass in this 
respect: it exhibits a maximum of the viscosity near 18 K (Fig.6.5d), indicating the “freezing” 
of the GB spin relaxations at low temperature. It is possible that a similar maximum would 
occur for samples A and B at even lower temperature, i. e. below the investigated temperature 
range. These samples may contain some glass-like GBs in their GB network, but their overall 
behaviour of GBs is antiferromagnetic.  
In conclusion, electrical transport measurements in large pulsed magnetic fields gave 
evidence for the strong antiferromagnetism of GB spins in polycrystalline La0.7Sr0.3MnO3, the 
most stable ferromagnetic manganite. None of the other investigated polycrystalline 
ferromagnetic manganites [Gan06] shows saturation of the GB magnetoresistance up to 50 T. 
Hence, antiferromagnetism of GB spins is a common feature of ferromagnetic manganites.
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More or less pronounced resistance relaxations of logarithmic type have been recorded in the 
millisecond and second range for polycrystalline samples. They reflect the appearance of 
glassy behaviour at grain boundaries.  
 
 
6.2   Trilayer tunnel junctions  
 
Manganite tunnel structures are reviewed in [Gup99, Coe99, Zie02]. A well-defined tunnel 
barrier can be grown in epitaxial trilayer films comprising of two conducting ferromagnetic 
manganite layers and a thin insulator (I) layer. First experiments concentrated on 
La0.67Sr0.33MnO3 (LSMO)/SrTiO3 (STO)/ La0.67Sr0.33MnO3 on SrTiO3(100) substrates [Lu96, 
Vir97a, Gup99]. Standard photolithographic processes have been used to pattern in-situ 
grown trilayers into junctions of several µm2 area. LSMO/STO/LSMO junctions can show an 
extraordinarily large tunneling magnetoresistance (TMR) with a resistance ratio of Rhigh /Rlow 
= 5 - 20 at 4.2 K [Vir97a, Gup99, Bow03]. This might be the largest TMR known for any 
magnetic trilayer tunnel junction utilizing spin-polarized electron tunneling. Other 
investigated junctions are: LSMO/CaTiO3/LSMO [ODo00], 
La0.7Ca0.3MnO3 (LCMO)/NdGaO3 /La0.7Ca0.3MnO3 [Jo00a, Jo00b], 
LCMO /La0.45Ca0.55MnO3 /LCMO - with an insulating manganite barrier [Jo03], LSMO /TiO2 
 /LSMO [Bib03] and LCMO/STO/La0.7Ce0.3MnO3 [Mit03a]. Further barrier materials used 
are LaAlO3, Al2O3 ([Luo00] non-epitaxial), Ce0.69La0.31O1.845 [Ter99a], and PrBa2Cu3O7 
[Vir97a].  
Non-manganite second electrodes have been studied in LSMO/barrier/Co junctions [Ter99a, 
Ter99b, Bib03] and LSMO/Al2O3/Permalloy junctions [Sun00]. Worledge et al. gave 
evidence for a negative spin polarization of SrRuO3 in LSMO/STO/SrRuO3 junctions 
[Wor00b] and tested the spin polarization of a LSMO/STO interface in a 
ferromagnet/I/superconductor junction using Al as the superconductor [Wor00a]. Hu and 
Suzuki found evidence for the negative spin polarization of magnetite in 
Fe3O4/CoCr2O4/LSMO junctions [Hu02]. 
Non-trilayer tunnel junctions. Tunnel junctions may be formed wherever structural and 
magnetic disorder at surfaces or interfaces in manganites create a tunnel barrier. Besides grain 
boundaries, break junctions [Bas00], piezoelectrically controlled pressure contacts between 
crystals [Ver01, Ver02] and nanoconstrictions of < 100 nm width patterned into LSMO film 
stripes by focused ion beam milling [Ces05] show tunneling-like transport properties. 
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6.2.1   Models and mechanisms of spin-polarized tunneling 
 
The Julliere model. In 1975, Julliere proposed an expression for the TMR in a trilayer 
comprising of two FM metals and an insulating barrier [Jul75]. The tunnel conductance of an 
electron is described to be proportional to the density of occupied states at the Fermi level 
(EF) in the left electrode (prior to tunneling) and the density of empty states in the right 
electrode (final state):  
 
  TMR = (R↑↓ - R↑↑) / R↑↑ = (G↑↑ - G↑↓) / G↑↓ =  2 P1P2 / (1 – P1P2)  (6.5) 
 
with R↑↓ (G↑↓) and R↑↑ (G↑↑) denoting the resistance (the conductance) for antiparallel and 
parallel orientation of the electrodes` magnetization vectors, respectively, and the spin 
polarizations P1 and P2 of the electrodes [Jul75]. For P1 = P2 ∼1 (half-metals), nominally 
unlimited values of TMR are achievable. Inverse TMR (i. e. TMR < 0) is observed if one of 
the electrodes has a negative spin polarization. The Julliere model neglects any effect of (i) 
the tunnel barrier, (ii) the band structure of the electrodes and (iii) spin flip processes. 
Nevertheless, it rather successfully describes tunneling data of many tunnel junctions, when 
the definition of spin polarization is modified appropriately (see below). 
The generalized Julliere model.  Eq.(6.5) can be used to estimate the spin polarization from 
the measured TMR in a FM/I/FM junction at low temperature. Surprisingly, even the sign of 
P may depend on the barrier material. In a pioneering work in the early 1970ies, Meservey 
and Tedrow determined P of several metals (Co, Ni etc. [Ted71a, Ted71b, Mes94]) from 
current-voltage characteristics of FM/Al2O3/Al junctions (with superconducting Al at low T), 
and found P > 0 always. This result was in contrast to the higher minority band DOS at EF in 
these metals, implying P < 0. De Teresa et al. recorded an inverse TMR for LSMO/STO/Co 
junctions, but regular TMR for LSMO/Al2O3/Co. They proposed an interface-dependent 
polarization of the electrons tunneling from the Co electrode [Ter99a, Ter99b]. The Al2O3/Co 
interface seems to favour majority band s electrons for tunneling, in contrast to the SrTiO3/Co 
interface which favours the minority band d electrons. Similar barrier-dependent TMR has 
been observed in NiFe/Ta2O5/AlOx/NiFe layers [Sha99]: the sign of the TMR changes with 
the current direction ! Thus, it is now accepted that not the ferromagnet`s bulk properties but 
the ferromagnet-barrier interface determines the polarization P of the tunneling electrons. The 
LSMO/STO interface with its large positive spin polarization [Wor00a] is a  
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Figure 6.6: a) Schematic structure of an epitaxial tunnel trilayer junction of 
La0.7Ca0.3MnO3 / NdGaO3 / La0.7Ca0.3MnO3. The area of the top electrode is 6 x 6 µm2. b) Tunnel resistance 
and magnetoresistance (TMR) of a junction from a) measured at 77 K. (All adapted from [Jo00a].) c) 
(Adapted from [Bow03].) Record TMR measured on a La0.67Sr0.33MnO3/SrTiO3/La0.67Sr0.33MnO3 junction at 
4.2 K. Multistep switching indicates presence of few domains. d) (Adapted from [Luo00].) Polycrystalline 
La0.7Ca0.3MnO3 / Al2O3 / La0.7Ca0.3MnO3 tunnel junction prepared using shadow masks (see geometry in the 
inset). Electrodes contain many magnetic domains in the junction area, leading to smooth curves without 
single switching events.  
d) 
 
 
c) 
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useful “spin analyser” for estimating the spin polarization of another material (or correctly: 
material-STO interface).  
Direct influence of the FM band structure may be observed in tunnel junctions with a 
sufficiently high tunnel barrier. The bias-dependent tunnel current depends on the DOS 
according to 
 
 
 
 
with the density of states N1 and N2 of the FM electrodes, the transmission probability T 
depending on the barrier height W and width s, the Fermi-Dirac function f for the occupation 
probability of a state and the applied bias voltage V [Ukr96]. This is utilized in Scanning 
Tunneling Spectroscopy (STS) measurements of the DOS of a metal surface. An example for 
the observation of Co band structure details in a bias-dependent TMR is found in [Ter99b].   
 
 
6.2.2   Tunneling magnetoresistance  
 
Tunnel trilayers have been structured into junctions of 1 µm2 to 1 mm2 area. Single domain 
states of manganite electrodes can be obtained for a junction diameter of several µm [Jo00a, 
Zie02a] (Fig.6.6). Junctions containing only few FM domains show steps in R(H) (Fig.6.6b, 
c). The magnitude of the observed TMR is extremely large at low temperatures, with a 
resistance ratio of Rhigh / Rlow ∼ 18 for LSMO/STO/LSMO measured at 4.2 K (Fig.6.6c) and 
Rhigh / Rlow ∼ 7 for La0.7Ca0.3MnO3/NdGaO3/LCMO measured at 77 K (Fig.6.6b).  This record 
TMR confirms the high spin polarization (the “nearly” half-metallic nature) of the employed 
manganites. The in-plane angular dependence of the magnetic switching fields has been 
studied by the Cambridge group [Jo02] in single-domain 
La0.7Ca0.3MnO3/NdGaO3/LCMO/NGO(001) junctions. It follows the ideal coherent rotation 
model.  
Many manganite trilayer junctions show a high noise level in the field-dependent resistance 
data. One reason for this might be an interaction of the spin-polarized current with the local 
magnetization leading to current-dependent change of the magnetic domain distribution 
[Sun01, Mye99]. High local electric fields may even alter the phase of manganite clusters 
from insulating to metal-like. Another unusual experimental finding is the light-induced 
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change of the tunnel characteristics described by a reduced barrier width under illumination 
[Gil01].  
 
 
6.2.3   Temperature dependence of the TMR 
 
The TMR, although extremely large at low temperature, drops with increasing temperature 
much more quickly than the bulk magnetization [Lu96, Vir97a, Gar04, Par98a, Jo00b, 
Bow03, Luo00]. Magnetic disorder at the manganite-barrier interface might be the origin of 
the diminished TMR (e. g., [Bib01]). Garcia et al. found a less pronounced temperature 
dependence of the interface spin polarization (derived from TMR data and the Julliere model) 
for several barrier materials in comparison to the P(T) of a free surface (Fig.6.7) [Gar04]. 
Possibly, an improved interface microstructure and appropriate choice of the barrier material 
might enhance the TMR achievable at 300 K. However, the TMR of manganite MTJs at 
ambient conditions is far below the large TMR observed for Fe/MgO/Fe junctions (200 %) 
[Yua04]. Therefore, manganite trilayer tunnel junctions are more of fundamental than of 
technological interest. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: (Adapted from [Gar04].) Temperature dependence of the normalized spin polarization at the 
interface between La0.67Sr0.33MnO3 and three different insulators, SrTiO3, TiO2, and LaAlO3, as derived 
from tunnel magnetoresistance and the Julliere model (see text). Normalized bulk magnetization and spin 
polarization of a free La0.7Sr0.3MnO3 surface as measured by spin-polarized photoelectron spectroscopy 
are shown for comparison. 
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6.2.4   Epitaxial tunnel trilayers with electron-doped La0.7Ce0.3MnO3 
 
Doping LaMnO3 with bi- or monovalent metals introduces holes in the 3d eg1 band which is filled for 
the pure Mn3+ valence state in LaMnO3 and separated by the Jahn-Teller splitting from the 3d 
eg2 band. Doping with a tetravalent metal would, in contrast, introduce additional electrons 
and produce a Mn3+/Mn2+ mixed valence state. In Fig.2.3, the single ion term scheme of the 
Mn2+ ion is sketched. If either the doped electrons occupy the eg2 level and form a Mn high 
spin state or if they occupy the t2g↓ level in an intermediate spin state, is not known. It 
depends on the energy scales of the crystal field splitting ∆cf, the Hund on-site coupling 
energy UH and the Jahn-Teller energy δJT. Fig.6.9b illustrates the situation of a sufficiently 
low UH to favour the occupation of the spin-down t2g states. Due to the high DOS of the 
narrow t2g bands, this could even cause a strong negative spin polarization of electron-doped 
LaMnO3.  
One further interesting point about electron-doped LaMnO3 is the opportunity to create p- and 
n-type semiconducting manganites for investigations on p-n junctions. (Note that more 
complex oxide semiconductor junctions like n-p-n transistors are unlikely to work in a similar 
way as the Si-based devices. An important difference would be the much shorter penetration 
depth of carriers into an adjacent electrode. It is difficult to imagine the survival of a Mn2+ 
state in a hole-doped manganite of more than say 1 nm extension. On the other hand, the 
transfer of minority carriers through the base region of a transistor without recombination is a 
prerequisite for its function.)   
The search for electron-doped LaMnO3 compounds has been conducted with somewhat 
contradictory results for several years by now [Mit01, Mit02, Mit03, Bey06, and their 
references]. Several tetravalent metals being large enough to substitute on the La lattice site 
have doped into LaMnO3: Ce, Te, and Sn. The complications arise from the other potential 
origin of doping in such oxides, i. e. the oxygen concentration. Over-oxygenation drives the 
Mn valence towards a higher value, thus even upon tetravalent doping a hole-doped 
manganite can be obtained. One may ask why an electron-doped manganite should be less 
stable than the hole-doped ones with regard to its oxygen content after preparation. One 
reason may be that the unit cell must be severely distorted around a Mn2+ ion, since Mn2+ is 
much larger than Mn3+. The calculated tolerance factors (eq.2.1) of such compounds would be 
very small. Ce-doped manganites as La1-xCexMnO3 could not be prepared without impurity 
phases in bulk yet using standard ceramic routes. Typically, some CeO2 is present. This 
indicates another potential failure when preparing electron-doped LaMnO3: the tetravalent  
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Figure 6.8: Upper panel: Current-voltage characteristics of a trilayer tunnel junction of La0.7Ce0.3MnO3/ 
SrTiO3/ La0.7Ca0.3MnO3 measured above (at 300 K) and far below (at 60 K) the metal-insulator transition 
temperature of both manganite electrodes [Mit01]. Inset: schematic device structure. Lower panel: Scheme 
based on a semiconductor-like band structure, illustrating the appearance of diode-like behaviour at 300 K. 
Abbreviations denote: EF – Fermi level, ∆ – band gap, e – elementary charge. 
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metal could (partially) be contained in a second phase, instead of being incorporated into the 
perovskite cell. In this case, self-doping due to the resulting vacancies in the La sites could 
produce ferromagnetism and conductivity of the manganite phase, mimicking a true doping 
effect. Mitra and Raychaudhuri suceeded in the preparation of epitaxial La0.7Ce0.3MnO3 films 
which are free from impurity phases in an amount detectable by standard x-ray diffraction 
[Ray99]. This leaves the oxygen content as a free parameter. The Mn valence of as-prepared 
films has been tested by an x-ray absorption study [Mit03b] which  indicates the presence of 
Mn2+ ions. On the other hand, an XMCD investigation on similar films failed to discover the 
different spectra expected for Ce- and Ca-doped epitaxial films, i. e. resulting from Mn2+ or 
Mn4+ ions. Since oxygen ions / vacancies are known to be quite mobile in such perovskites 
and can even move at ambient temperature in the course of weeks, slow oxygen uptake into 
vacancies existing in as-grown films is one possible scenario that would be in agreement with 
both observations mentioned above. (This mechanism would be excluded if films were 
prepared essentially without vacancies.) 
An investigation on a p-n junction in an epitaxial bilayer of La0.7Ce0.3MnO3 / La0.7Ca0.3MnO3 
(LCeMO / LCMO) could help to discover the electron-doped nature of the investigated Ce-
doped film. Indeed, this experiment has been done without success: a linear current-voltage 
characteristics has been observed. We suppose that no chemically abrupt interface has been 
formed between the two layers. Therefore, a thin interlayer of SrTiO3 has been inserted, 
preparing epitaxial tunnel trilayers of  LCeMO / STO / LCMO [Mit01]. Since electrical 
measurements of tunneling characteristics were taken on non-structured large-area junctions 
with a diameter of the order of 1 mm2, (i) a conducting substrate of Nb:SrTiO3(001) has been 
chosen and (ii) the tunnel junction must represent the dominant resistance contribution of the 
full layer stack, as has been secured by growing a sufficiently thick tunnel barrier layer (50 
Å). I-V characteristics (Fig.6.8) recorded at 300 K for several junctions are non-linear and, 
moreover, display the strong asymmetry expected for a p-n junction diode. At low 
temperature T = 60 K  << TC ~ 250 K where both electrodes are metal-like conductors, the 
asymmetry vanishes. The diode-like I-V behaviour of the tunnel junction can be explained 
based on a simple band scheme depicted in Fig.6.8 [Mit01, Mit02]: Obviously, tunneling can 
be triggered by a small positive voltage to the Ca-doped (p-doped) electrode, while the 
negative voltage needs to be much larger to achieve effective tunneling. The difference of 
both voltages provides a rough estimate of the band gap ∆. It must be noted that the band 
scheme adapted from classical semiconductors is oversimplified for manganites with strongly 
correlated electrons; thus, quantitative interpretation of these I-V characteristics is difficult.  
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Figure 6.9: Upper panel: Current-voltage characteristics of a La0.7Ce0.3MnO3/SrTiO3/La0.7Ca0.3MnO3 tunnel junction 
at low temperature and in a magnetic field. The tunnel conductance decreases in the field. Insets: Sketches of the 
spin-split DOS for antiparallel and parallel magnetization of both electrodes. For inverse tunneling 
magnetoresistance, minority charge carriers in the electron-doped Ce manganite are assumed [Mit03a]. Lower panel: 
Band scheme of both electrodes revealing a possible t2g↓ band occupation for La0.7Ce0.3MnO3. Abbreviations are EF –
Fermi energy, ∆CF crystal field splitting, UH – Hund`s on-site coupling energy, δJT – Jahn-Teller splitting energy 
between both eg bands.  
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However, the diode-like characteristics confirms the electron-doped nature of the involved 
La0.7Ce0.3MnO3 films in the junctions. The influence of a magnetic field on the I-V behaviour 
leads to another astonishing observation (Fig.6.9): such p/I/n tunnel junctions show an inverse 
TMR at low temperatures [Mit03a]. As discussed in Sec.6.2.1, this provides experimental 
evidence for a negative spin polarization of the La0.7Ce0.3MnO3/SrTiO3 interface. This 
probably means P < 0 for the Ce-doped manganite at low temperature, implying an 
intermediate spin state of Mn2+ as discussed above.  
In a x-ray photoemission experiment on La0.7A0.3MnO3/SrTiO3(001) (A = Ce or Ca) films 
vacuum-annealed at different temperatures up to 650 oC, Beyreuther et al. [Bey06] could 
estimate the Mn valence from the Mn 3s core level exchange splitting and found evidence for 
the control of the Mn valence by the oxygen content. The oxygen removal from the outermost 
few unit cells of the film by vacuum annealing produced a Mn2+/Mn3+ valence even in the Ca-
doped film.     
 
 
6.3   Nanocontacts of La0.7Sr0.3MnO3 and Fe3O4 
 
Versluijs at el. have reported a large low-field magnetoresistance exceeding 500 % at 300 K 
in point contacts between two Fe3O4 crystals [Ver01]. Fe3O4, a ferrimagnetic inverse spinel, is 
a half-metal-like oxide (cmp. sections 2.1, 2.2) with a high Curie temperature of 860 K. The 
charge carriers are considered to be small polarons in a minority spin 3d (t2g↓) band, the 
majority band is full. The Dublin group conducted experiments on piezoelectrically controlled 
point contacts between crystals of Fe3O4 and La0.7Sr0.3MnO3 [Ver02]. Most point contacts had 
a conductance below the conductance quantum G0 = (12.9 kΩ)-1 = 2e2 / h (with the 
elementary charge e and the Planck constant h) meaning the conduction is not ballistic. They 
were stable for several minutes. The point constacts had a more or less pronounced non-
linearity of the electric I-V characteristics. The largest magnetoresistance accompanying the 
magnetization alignment in a moderate magnetic field (µ0H = 7 mT) has been observed for 
the case of the highest contact resistance. It dropped with the applied voltage.  
These experimental findings have been interpreted as follows: first, a magnetostriction effect 
of the crystals has to be ruled out as the origin of the conductance increase under magnetic 
field. This was accomplished by applying a rotating magnetic field which would cause the 
magnetostriction to change its direction, leading to a detectable resistance modulation at the
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 doubled frequency of the rotation. No significant modulation of this type was found. The 
shape of the I-V characteristics is consistent with a tunneling process through a disordered 
surface layer within the contact. However, another transport mechanism could also underly 
the observed behaviour as proposed by Versluijs et al.: a spin-polarized electron transfer 
through a narrow domain wall (DW) located in the contact. The energy of a wall inside the 
contact is low because of the tiny contact area. Analytical calculations by Bruno [Bru99] 
predicted that the width of a domain wall would be comparable to the extension of the 
constriction. Hence, narrow domain walls could be created in narrow constrictions or point 
contacts. The current density in the nanocontact may reach high values, j = 1010 A m-2 is not 
difficult to achieve. Then, the flow of the momentum and angular momentum (spin) of the 
electrons into the wall associated with the electron mass and spin results in a pressure which 
may displace the wall from the contact area. The spin pressure effect is well-known and 
employed for a current-driven magnetization reversal or controlled wall displacements in 
metal alloys of Co, Ni, Fe in GMR-type sensor structures [Mye99, Kat00, All06]. Versluijs et 
al. proposed a wall displacement (resulting in changing width and length of the wall) to cause 
the non-linearity of electrical transport in their point contacts. The applied magnetic field 
aligned the magnetization on both sides of the contact and removed the wall. In contrast to 
wider domain walls in metallic manganite single crystals, the narrow domain wall in the 
contact may have caused a considerable DW resistance which is eliminated in the field, 
resulting in the large observed magnetoresistance. 
The draw-back of this pioneering experiment is the short life time of the contacts. Therefore, 
strong attempts have been made to fabricate thin film structures like stripes containing 
nanoconstrictions. One way to prepare constrictions with less than 100 nm width is to use a 
focused ion beam (FIB) facility with a Ga ion beam of below 20 nm diameter [Ces05]. Stripes 
of few µm width were patterned into epitaxial films of La0.7Sr0.3MnO3 (LSMO) and Fe3O4 by 
UV lithography and Ar ion milling. The milling process by Ga ions could be monitored 
directly with scanning electron microscopy in the employed dual-beam FIB instrument. A 
silver cap layer removed afterwards was used to protect the active film from implantation of 
too many Ga ions (below 1 %). In Fig.6.10, the geometry of a multi-contact structure is 
shown. The contact width varied between about 20 nm and 60 nm.  
Most contacts had a non-linear electric behaviour, provided the contact width was as low as 
mentioned above. Additionally, some showed an unusual electric hysteresis and a stepwise 
change of the conductance in dependence on the applied current (Fig.6.11). This observation 
nicely supports the idea of a domain wall in the constriction which is pushed aside with  
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Figure 6.10: Upper panel: Preparation of a sequence of nanoconstrictions by Focused Ion Beam milling in a 5 µm 
wide film track of La0.7Sr0.3MnO3 (LSMO) or Fe3O4 [Ces05]. Middle: SEM image of a triple nanoconstriction in 
LSMO. The arrow indicates the direction of the current, the scale bar is 500 nm. Lower panel: Current and 
magnetoresistance (at 400 mT) at 300 K in dependence on the applied voltage. The magnetoresistance curve is 
parabolic.  
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Figure 6.11: Upper panel: Magnetoresistance (MR) in a field of 400 mT plotted as a function of the 
conductance of the nanoconstrictions. One group of contacts does not show any MR, the other exhibits 
increasing MR with decreasing conductance. Lower panel: Dynamic resistance dV/dI as a function of 
the bias current for a Fe3O4 contact and a La0.7Sr0.3MnO3 contact. The hysteresis and step-like curves in 
zero magnetic field are consistent with a trapped domain wall moved by the current and pinned by 
defects. [Ces05] 
Fe3O4 
LSMO 
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increasing current (reducing the resistance) and pinned at energetically favourable places 
(defects). The height of the steps appears to be random. A magnetic field of 0.4 T has been 
applied to the contacts at room temperature. The magnetoresistive response of 55 investigated 
contacts was scattered considerably: the majority of  38 contacts showed little MR < 1 %, 
about on third (14/55) had a MR of 1 – 20 % and only few (3) had a large MR above 20 %. 
Fig.6.11 illustrates the relation between the MR and the conductance of the contacts which is, 
however, ambiguous: one set of samples shows a clear increase of MR with decreasing 
conductance, while the other is without significant magnetoresistance irrespective of the 
conductance. An interesting and not yet understood phenomenon is the clear decrease of the 
MR with the square of the applied voltage across the contact (Fig.6.10).  
Whereas the step-like transport characteristics support the domain wall transport model for 
some of the contacts, it is nevertheless difficult to distinguish a spin-polarized tunneling 
process from DW electron transport in nanocontacts in the general case. In order to establish a 
well-founded knowledge on DW transport in spin-polarized oxides, more experiments on 
stable nanocontacts with reproducible properties as well as improvement of the analytical 
models is certainly desirable.   
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7  Multiferroic manganite - titanate thin film systems 
        
This paragraph concentrates on thin film systems comprising of a FM manganite and a 
ferroelectric (FE) titanate. Manganite-titanate film systems have been studied for various 
reasons like improved fatigue behaviour of titanate capacitors with oxide manganite 
electrodes, ferroelectric field effect transistors (Sec.7.2), and the influence of a piezoelectric 
strain on magnetic properties (Sec.7.3).  
Composites of a FM and a FE compound (called bi- or multiferroic) have been investigated 
with increasing interest for several years, since they are favourable candidates for the 
observation of strong magnetoelectric phenomena [Fie05a]. The magnetoelectric effect 
describes the situation when magnetization is induced by an electric field (E), or electric 
polarization (PE) by a magnetic field. The effect ist described by a term αijEiHj in the free 
energy of a material (with the magnetoelectric tensor αij). A recent review on magnetoelectric 
phenomena in compounds and composites can be found in [Fie05a]. The interrelation of 
magnetic and ferro- / dielectric properties is clearly promising from technological perspective, 
since new functionalities might arise. For instance, (di)electric control of magnetization might 
open new ways for low-power magnetic data storage / recording and electromagnetic 
transducers.  
Very few compounds are intrinsically (anti)ferromagnetic and ferroelectric [Hil00, Hil01]. 
Even if both ferroic properties are present, coupling between the two order parameters may be 
weak. Strong magnetoelectric effects are found, for instance, in hexagonal HoMnO3 [Lot04], 
in perovskite RMnO3 for R = Tb; Dy [Kim03a, Got04], in RMn2O5 (R = Dy [Hur04a], Tb 
[Hur04b]), in BiMnO3 [Kim03c] and in a spinel sulphide, CdCr2S4 [Hem05]. Most 
multiferroic compounds known so far have restrictions for practical utilization: (i) the 
magnetoelectric properties are observed below 100 K, and (ii) PE or M are much smaller than 
in conventional ferromagnets or ferroelectrica. Composites of FM and FE compounds are 
favourable regarding these aspects: they can be chosen with high transition temperatures and 
polarizations. 
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7.1 Mechanisms of magnetoelectric coupling in layered 
composites 
 
A bilayer of a FM and a FE film is considered (Fig.7.1). The two layers can influence each 
other (i) via mechanical stress and (ii) via electric or magnetic stray fields.  
Inverse piezoelectric effect: An electric voltage applied to the FE component will stretch the 
full bilayer due to the inverse piezoelectric effect (Fig.7.1a). (If it is conducting the magnetic 
layer can serve as one of the electrodes.) Mechanical coupling between the layers determines 
the efficiency of strain transfer to the magnetic layer. In epitaxially grown films, commonly 
good mechanical coupling can be anticipated. It may depend on the interface roughness and 
coherence /presence of lattice defects. Manganites as well as other 3d transition metal oxides 
are particularly sensitive to biaxial deformation of the crystal lattice [Mil98a, Mil98b, Ter04]. 
Epitaxial strain in thin films shifts TC, modifies the magnetic anisotropy [Suz97] and even  
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Figure 7.1: Schematic illustration of a ferroelectric (FE) – ferromagnetic (FM) bilayer and its coupling 
mechanisms. (a) Application of an electric voltage (Vpiezo) to the FE layer causes inverse piezoelectric strain 
transferred to the magnetic layer. This effect can be utilized for control of strain-dependent magnetic properties. 
(b) Application of a magnetic AC field causes strain by magnetostriction coupled into the FE layer. The induced 
piezovoltage is particularly large for certain electromechanical resonance frequencies. (c) The polarization (P) of 
the FE layer is associated with surface charges at the FE / FM interface and an electric stray field into the FM 
layer resulting in interface-near charge depletion or accumulation (electric field effect).  
 V 
 P 
FM 
FE 
b) 
strain 
AC magnetic  
field 
 Vgate 
 P 
FM 
FE 
c) 
 
+ + + + + + + + +   
- - - - - - - - - 
SECTION 7.   MULTIFERROIC MANGANITE – TITANATE THIN FILM SYSTEMS 90   
might induce metal-insulator phase transitions [Ju98]. The general reason for the strong strain 
sensitivity is the presence of competing interactions that depend on crystallographic bond 
characteristics like bond angles and lengths. It seems likely that magnetic properties of some 
transition metal oxides might be controllable to significant extent by strain in bilayer systems. 
(Direct) magnetoelectric effect (Fig.7.1b):  When an alternating magnetic field is applied to 
the bilayer stack (or a multilayer of piezoelectric and magnetostrictive films), mechanical 
strain arises from the magnetostriction of the FM component. It induces, again dependent on 
the mechanical interlayer coupling, a piezovoltage in the FE component. The frequency-
dependent magnetoelectric coefficient α(ω) is defined as the voltage obtained per magnetic 
field and height of the sample stack. Longitudinal and transverse α(ω) are distinguished for 
orientations of applied H and measured E (i. e. voltage) perpendicular or parallel to each 
other, respectively. Maxima of α(ω) are obtained at electromechanical resonance frequencies 
[Lal04]. Indeed, α(ω) can be thus large that trilayer stacks of this kind have got a promising 
potential as versatile magnetic field sensors (see the work of Srinivasan et al. and Viehland et 
al.). 
Electric field effect (Fig.7.1c): The ferroelectric polarization creates a surface charge density 
at the FE-FM interface. The resulting electric field reaching into the magnet is screened by an 
equal number of charge carriers of opposite sign. For this classical field effect to appear, a 
dielectric instead of a ferroelectric layer is sufficient. Additionally, the electric hysteresis of 
PE(E) allows one to observe a hysteretical charge carrier modulation with remanent states. 
The change of the charge carrier density per surface area of the ferroelectric layer is ∆n = P/e. 
Assuming P = 35 µC cm-2, 0.5 electrons per unit cell could be controlled in a magnetic film 
being one unit cell  (4 Å) thick. 
 
 
7.2   Field effect devices 
 
The field effect in oxides has been addressed e. g. by Ahn et al. [Ahn03]. Historically, first 
experiments on manganite-titanate epitaxial films were done on typical field effect transistor 
(FET) structures [Oga96, Mat97, Tab97, Wu01]. It was understood later (proposed by Ogale 
[Oga96] and Tabata [Tab97], and demonstrated by Thiele [Thi05a]), that the piezoelectric 
strain might additionally influence the observed resistance modulations.
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 The field effect is observable with a dielectric gate electrode (SrTiO3), as in the early 
experiment reported by Ogale et al. [Oga96]. This work finds a shift of TMI of Nd0.7Sr0.3MnO3 
by a few Kelvin and an R modulation of several percent for an electric field of E ∼ 50 kV/cm. 
Here and in some other publications, the response of R to an electric field is called 
“electroresistance” (in analogy to magnetoresistance). Interestingly, the field effect did not 
show a clear dependence on the sign of the applied voltage, but appeared to depend rather 
quadratically on the gate voltage which led the authors to propose the presence of a strain 
effect. In 1997, a huge hysteretic ∆R of ∼300 % at 300 K has been reported for another all-
oxide FET of Pt/PbZr0.2Ti0.8MnO3/La0.7Ca0.3MnO3/LaAlO3 where a FE gate layer of 
PbZr0.2Ti0.8MnO3 (PZT) was employed [Mat97]. The remanent states had a retention loss of 
few percent within an hour, indicating some potential as non-volatile multiferroic memory. In 
2001, Wu et al. [Wu01] reported on another study of this kind and the observation of a large R 
modulation up to 100% at 300 K. Their FET device had a different stacking sequence: 
(FM/FE/substrate) using a conducting substrate,   
La0.7Ca0.3MnO3(50 nm)/PbZr0.2Ti0.8O3/Nb(1at%):SrTiO3(100). However, further manganite 
channels (Nd0.7Sr0.3MnO3, La0.7Ba0.3MnO3 and La0.5Ca0.5MnO3) showed a low R modulation 
of few percent [Wu01], even for the half-doped La0.5Ca0.5MnO3 that is near a metal-insulator 
phase boundary according to the bulk phase diagram (Fig.2.4). Other unexpected results of 
this work were the unchanged TMI and the strong R modulation in a thick (50 nm) 
La0.7Ca0.3MnO3 channel layer. Assuming the nominal carrier density of 0.3 / unit cell, the 
electric field is screened within few unit cells, leaving the remaining channel unchanged. Wu 
et al. proposed a phase-separated metal / insulator cluster state that changes with respect to the 
volume fractions of the phases under electric field [Wu01]. This also might leave TMI at a 
constant temperature.  
Later experiments [Hon03, Kan03, Zha04, Thi05a] have found R modulations of smaller 
magnitude. Kanki et al. investigated FET structures of Au/PbZr0.2Ti0.8O3/La1-
xBaxMnO3/SrTiO3(100) (x = 0.1; 0.15) (Fig.7.2) with narrow manganite layers (6 nm) 
prepared by PLD [Kan03]. They report complete hysteresis loops of channel resistance vs. 
gate voltage (Fig.7.2b) and demonstrate their commensurate nature with the ferroelectric 
polarization. The resistance modulation has been estimated as  
 
∆R/R = ∆n/n = PE /edn         (7.1) 
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Figure 7.2: (Adapted from [Kan03].) (a) Geometry of a PbZr0.2Ti0.8O3 / La0.9Ba0.1MnO3 (6 
nm) / SrTiO3 field effect device. (b) Gate polarization (P) loop vs. gate voltage and (c) channel 
resistance (R) loop vs. gate voltage measured at 300 K indicate that R changes propotional to P. 
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with the (volume) carrier density n and the channel width d. Eq.(7.1) indicates that low 
doping (low n) and low d of the magnetic channel enhances ∆R/R. Of course eq.(7.1) is a very 
simple approximation, assuming (i) constant mobility of charge carriers within the range of n 
± ∆n and (ii) a homogeneous distribution of ∆n throughout the channel width d. Nevertheless, 
it is in agreement with the order of ∆R observed in some recent experiments [Kan03, Hon03, 
Zha04],  like e. g. ∆R/R =10 % for La0.9Ba0.1MnO3 at 300 K. Further, an approximately linear 
increase of ∆R with PE has been found [Kan03]. Hong et al. [Hon03] investigated a FET 
structure of Au/PZT/La0.8Sr0.2MnO3(4 nm)/SrTiO3 and obtained a room temperature 
resistance ratio of 1.28. Fig.7.3 reproduces the temperature dependence of R for their device 
at positive and negative remanent polarization of the PZT layer. Here, the shift of ΤΜΙ  is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3. (Adapted from [Hon03].) (a) Schematic device structure of a PbZrxTi1-xO3 / La0.8Sr0.2MnO3 field 
effect device. (b) Resistivity as a function of temperature for the two states of remanent polarization of the 
PZT gate layer. The upper curve belongs to the hole depletion state, the lower to the hole accumulation 
state. 
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consistent with a reduced (increased) carrier density for the positive (negative) gate voltage. 
Zhao et al. reported on a FET device with a La0.8Ca0.2MnO3 channel grown on Si (using the 
SrTiO3/Si epitaxy) [Zha04]. This work finds a maximum of ∆R/R ∼ 20 % slightly below TMI ~ 
200 K, while ∆R/R at 300 K is small (~2%). In general, the observed field effect in 
manganites depends on temperature. Thus, systematics of the field effect in manganites (with 
respect to the dependence on chemical composition, on the terminations at the manganite-
titanate interface, on temperature and magnetic field) are yet to be explored. 
Tabata et al. had proposed that piezoelectric strain may contribute to the  R modulation in a 
FET structure [Tab97]. Indeed, while a rigid substrate suppresses the piezoelectric strain of a 
thin film grown on it, the film may still show a minor strain effect. If only the “regular” field 
effect (i. e. ∆R ∝ PE) and a strain effect are present it should be possible to distinguish both 
contributions by analyzing the shape of the R hysteresis loops (square or butterfly-like) 
[Dör06b]. 
In this work, an epitaxial FET structure (Fig.7.4) has been prepared by off-axis PLD using 
shadow masks [Thi05a]: Stripes of La0.7Sr0.3MnO3 of thicknesses between 5 nm and 100 nm 
have been grown on SrTiO3(001), covered with PbZr0.52Ti0.48O3 dots of 1 mm diameter and 
500 nm thickness. Finally, platinum contact dots on the PZT gates and on the LSMO stripes 
were deposited for the channel resistance measurement. The complete sample on a 10x10 
mm2 area contained up to 12 FET contacts with the LSMO channel  resistance measurable by 
the four-probe method (Fig.7.4). Indeed, the leakage of the PZT gate electrodes posed a 
serious problem, restricting the number of measurable FETs on one substrate to below say 30 
%. Some of the x-ray diffractogramms contained recognizable traces of the pyrochlore phase 
which may have caused the leakage. The depth resolved stoichiometry of the PZT thin films 
has been checked by XPS to be the same as that of the target within an accuracy of ∼5%. 
A typical ferroelectric polarization PE(E) loop of a PZT gate is plotted in Fig.7.4a. The 
saturation polarization PS is about 34 µC cm-2, the remanent polarization is nearly equal to PS 
(30 µC cm-2) for the (001)-oriented film and the coercive field EC = 47 kV cm-1 for a 
maximum voltage of 4 V. These values are comparable to published results on epitaxial 
(001)-oriented PZT films with fairly good ferroelectric behaviour. Note that the ferroelectric 
polarization loop is antisymmetric with respect to the electric field, i.e., it fulfills the relation 
P(−E) = −P(E). In contrast, the piezoelectric strain is symmetric with respect to the electric 
field (cmp. Fig.7.5). (In real films, the symmetry may be somewhat disturbed, e.g., by 
substrate-induced pre-strain of the film and by charge accumulations.) Nevertheless, this  
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fundamental difference in the shape of the hysteresis loop can be used to distinguish the 
resistance modulations caused by the electric field effect and the strain. 
The measured LSMO channel resistance modulated by an applied gate voltage is shown in 
Fig.7.5 for four different channel thicknesses. The hysteresis loops differ significantly in 
Figure 7.4.  Upper panel: Cross section and plane view of a field effect device deposited with 
shadow masks. Abbreviations denote STO – SrTiO3, LSMO – La0.7Sr0.3MnO3 channel, PZT –
PbZr0.52Ti0.48O3 gate electrode (500 nm thick).  Electric contacts are made from Pt. Lower 
panel: Polarization as a function of the applied gate voltage for one gate electrode. (The split 
loop at negative remanence is a measuring artefact due to a leakage current.)  
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shape, but the loops of the 5 nm and 7 nm thick channels are clearly butterfly-like shaped. 
The center crossover of the loops and the minima near the coercive fields EC are slightly 
shifted towards positive voltage by 1 V. Such a shift is often observed for the case of different 
electrode materials (here LSMO and Pt). By comparison with the inverse piezoeffect of a 
thick PZT film (plotted in Fig.7.5a), we identify the butterfly-like resistance loops as induced 
by the piezoelectric strain of the PZT gate. The resistance changes nearly linearly with the 
gate voltage until the polarization switches at EC. This is a characteristic of epitaxial PZT 
films with (001) orientation where domain switching means reversal by 180°. The value of 
∆R/R is of course small because the films are clamped to the substrate. We have roughly 
estimated the strain underlying the resistance modulation. This is possible by comparing the 
resistance changes observed in LSMO films on piezoelectric substrates (cmp. section 7.3). 
There, we found ∆R/R = 9% for a relative change of the in-plane lattice parameter by 
∆a = 0.12% at 300 K. Thus, the ratio between relative changes of resistance and strain is of 
the order of 100 for thin LSMO films, allowing indeed a very sensitive strain detection. 
According to ∆R/∆a ∼ 100, the effective average in-plane strain in our FET devices should be 
of the order of 10−3 %. Such small strains would be difficult to detect by x-ray diffraction. The 
strain in the channel is certainly inhomogeneous, so the inhomogeneity can account for the 
virtual contradiction of a larger resistance measured in the saturated state of the PZT gate 
when the PZT in-plane lattice parameter is reduced, compressing the film under the gate.  
Interestingly, the loops of thicker channels (45 nm, 70 nm) (Fig.7.5) exhibit some features of 
a square-shaped hysteresis loop being characteristic of the electric field effect proportional to 
the polarization. For positive (negative) voltages the resistance is larger (smaller) as expected 
for the field effect in an underdoped manganite where a positive electric field causes a 
depletion of the hole-type charge carriers. The 45 nm channel hysteresis loop does not show 
saturation at large gate voltage, this is more typical for the strain effect. Indeed, a weighted 
addition of a butterfly-like loop and a square-shaped loop gives the simulated curve presented 
in the inset which fairly well resembles the measured curve. Therefore, it seems reasonable to 
assume a superposition of the strain effect and the electric field effect for this type of FET 
structure. Both can be approximately separated in the following way: the resistance difference 
in the saturated state is attributed to the field effect and the difference of both slopes dR/dVgate 
at Vgate = 0 to strain modulation [Dör06b].  
The observation of a strain-induced resistance modulation in the present FET devices was 
possible because the field effect in the La0.7Sr0.3MnO3 channels was very low. This can be 
understood considering the bulk phase diagram of La1−xSrxMnO3. The x = 0.3 doping is on the  
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Figure 7.5. Upper panel: In-plane strain of a 2.9 µm thick PZT film as a function of the applied 
voltage, recorded utilizing the tip deflection of a cantilever covered with the film [Kan03b]. Lower 
panel: Resistance modulations of field effect devices with La0.7Sr0.3MnO3 channels of various 
thickness. For 5 nm and 7 nm channels, strain-induced modulations are dominating. Thicker channels 
show a superposition of the effects of strain and electric field.   
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plateau of optimum doping with maximum TC. Hence, a small variation of the charge density 
should have little effect on the magnetism and electrical resistance. On the other hand it is 
necessary to recognize that for the ultrathin channel films the bulk phase diagram is a  rough 
approximation. The interface termination on both sides of the LSMO layer provides extra 
charge which might change the charge density in ultrathin channel films or even might create 
conductive interface states. (The impact of the latter effect depends on the ratio of the 
conductances for the channel volume and its surfaces.) However, none of these phenomena 
seems to drive the behaviour of the investigated LSMO channels far away from what is 
expected from the bulk phase diagram in our experiment. 
In contrast to LSMO channels, the field effect dominates the R modulation of underdoped 
La0.8Ca0.2MnO3 channels and again coexists with the strain effect in La0.7Ce0.3MnO3 channels 
[Dör06a]. Once able to separate both contributions, one may check the influence of several 
parameters on the amplitude of the field effect modulations: the channel thickness d, the 
temperature, an external magnetic field. For La0.8Ca0.2MnO3, a relation of ∆R ⋅ d = const. 
could be established. This is an expected relation which is independent of the actual 
penetration depth of the electric field to the channel. This can be seen from the fact that it 
works for the two extreme cases: a) the field only penetrates 1 – 2 unit cells at the interface 
and changes the charge density there, leaving the resistance of the remaining cross section of 
the channel constant and b) the charge density is homogeneously changed throughout the full 
channel width. Indeed, the first case is likely if one assumes the nominal carrier density in the 
doped manganites.  
The temperature dependence of the resistance modulation is a first evidence for the failure of 
eq.(7.1) which predicts the absence of a temperature dependence (if the polarization and the 
charge density is assumed to be independent of temperature). Instead the temperature 
dependence is rather strong in our and in published work. Results on La0.8Ca0.2MnO3 channels 
indicate a maximum ∆R near the metal-insulator transition, or at low T for the insulating 
ultrathin channels. However, several open questions demand further experiments and 
clarification, as for instance the above mentioned termination charge of channels and the 
influence of the interface roughness at the gate electrode. 
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7.3   Strain controls magnetism: the PMN-PT substrate  
 
Controlled deformation of the crystal lattice is very useful to explore the influence of structure 
on magnetic properties for any crystalline material. Besides hydrostatic pressure, epitaxial 
strain of thin films grown on slightly mismatching single-crystal substrates is regularly 
applied for this purpose. Whereas most work utilizes substrates with slightly larger or lower 
lattice constants, it seems promising to exploit the inverse piezoelectric effect of a FE 
substrate for the continuous control of lattice parameters by application of an electric voltage.  
Several oxide ferroelectrics, including some with outstanding piezoelectric properties, have a 
perovskite-like lattice with similar pseudocubic lattice parameter (∼4 Å) like FM manganites. 
Examples are BaTiO3 (BTO), PbZr1-xTixO3 (PZT) and Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-PT). 
Naturally, the mechanical coupling of a film to the substrate diminishes the strain achievable 
in the film plane. Two ways have been proposed to overcome this problem: (i) piezoelectric 
substrates [Lee00, Dal03, Thi05b] and (ii) columnar nanostructures where columns can 
expand perpendicularly to the substrate plane [Zhe04].  
Concerning the first approach, BaTiO3(001) crystals [Lee00, Dal03] and PMN-PT(001) 
crystals [Thi05b] have been studied. Structural phase transitions of BaTiO3 at ~290 K and at 
~190 K allowed one to record the R and M jumps in La0.67Sr0.33MnO3 and SrRuO3 films 
associated with the BaTiO3 structural transitions [Lee00]. In the LSMO 50 nm film, large 
jumps (70 %) of the low-field (H = 20 Oe) magnetization at substrate structural transitions 
and substantially modified M(H) loops indicate a changed magnetic anisotropy. R increases 
by about 12 % at 290 K due to the increase of (the averaged, anisotropic) in-plane strain by 
∼0.21 %. The influence of the varied epitaxial strain at structural transitions on R and M in 
La0.5Sr0.5MnO3/BaTiO3(001) is investigated similarly [Dal03]. Further, in this work the film 
strain is also tuned by an electric voltage applied to the BTO crystal. An R reduction of about 
12 % at 300 K in a 50 nm thick film has been found upon application of the field E ∼ 1 kV/cm 
to the crystal. It is attributed to a reduced in-plane strain of the film. (BaTiO3 has a larger 
lattice parameter than La0.5Sr0.5MnO3. It contracts in the film plane under an electric field 
applied along [001].) Time-dependent R data show a relaxation within several hours that has 
been attributed to slow polarization dynamics of the BaTiO3 crystal [Dal03]. Since twinned 
BTO causes non-uniform in-plane strain in an epitaxially grown film, any quantitative 
analysis of the strain-dependent behaviour of the film is difficult. Another piezoelectric 
single-crystal substrate material might be more appropriate also for quantitative experiments 
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on biaxial strain effects: PMN-PT(001) with a pseudocubic lattice parameter of ∼4.02 Å 
seems capable of quick and reversible control of in-plane strain states and has a nearly cubic 
lattice, producing much less inhomogeneity of the local in-plane strain [Thi05b, Thi06] (see 
below).  
Along the way (ii) out of the substrate “clamping problem”, BaTiO3-CoFe2O4 nanocolumnar 
films on SrTiO3(001) substrates have been investigated by Zheng et al. [Zhe04]. A mixed 
target of both components was used for pulsed laser deposition. The films grew in a self-
assembled structure with CoFe2O4 nanopillars of a diameter of 20 – 30 nm embedded in a 
BaTiO3 matrix. They showed large room temperature values of spontaneous magnetization 
and ferroelectric polarization and a jump of M at the ferroelectric Curie temperature TCE ∼390 
K.  The latter is a demonstration of the magnetoelectric coupling attributed to the elastic 
interaction between the components. The spinel is an insulator; thus, the electric field can be 
applied along the long axis of the nanopillars. (For conducting ferromagnets like manganites, 
only in-plane electric fields would be possible for such nanocolumnar structures.) If this 
method of self-assembly does not work for the desired components, nanocomposites could be 
prepared artificially using for instance a colloidal templating method. Kim et al. covered a 
substrate with a suspension of polymethyl methacrylate (PMMA) spheres (of 400 nm in 
diameter; but smaller ones are available and work the same way) in a La0.7Ca0.3MnO3 
precursor solution [Kim03d]. The PMMA spheres form a regular hexagonal lattice and 
produce pores in the reacted manganite. These pores have been filled with BaTiO3 solution 
which has been dried and reacted afterwards.  
We have proposed a high-strain piezoelectric single crystal substrate for dynamic strain 
control in epitaxial films [Thi05b, Thi06]: PMN-PT, a solid solution of (1-x)Pb(Mg1/3Nb2/3)O3 
and xPbTiO3. Crystals of the x = 0.28 composition are commercially available in 10x10x0.5 
mm3 size with NiCr/Au electrodes for actuator applications. (Ours were from Morgan 
ElectroCeramics, Ohio). Strain levels of 0.5 %, or even above 1 % upon an electric-field-
induced rhombohedral-to-tetragonal transition are obtained in PMN-PT(001) crystals near the 
morphotropic phase boundary at about x ~ 0.3 [Par97, Par02]. For x ~ 0.25 - 0.3, the lattice of 
PMN-PT is rhombohedral below the ferroelectric transition at TCE ~ 360 - 400 K, but very 
close to cubic. There is no low-temperature structural transition [Noh02]. The pseudocubic 
lattice parameter of a ∼ 4.02 Å of the actually employed x = 0.28 crystals in our experiments 
is somewhat large, but still appropriate for epitaxial growth of many oxides of interest. The 
ferroelectric polar axis of PMN-PT is the cube diagonal [111]. For (001) cut crystals, 
vanishing hysteresis is typical for unidirectional polarisation along [001] after poling (Fig.7.6)  
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Figure 7.6. a) Principle of dynamic strain application in epitaxial films on a piezoelectric substrate.  
b) Hysteresis-free out-of-plane strain of a PMN-PT(001) substrate derived from the  respective lattice 
parameter. X-ray diffractograms have been taken at various electric fields [Thi05b]. Inset: Local 
domain orientation in the rhombohedral crystal. c) In-plane strain in a bi-directional electric field of a 
PMN-PT(001) substrate measured by laser interferometry (courtesy of U. Keitel, IKTS Dresden).  
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[Par97]. It is believed that this particular behaviour is the result of a stable domain 
configuration with domains oriented in all four diagonal directions (Fig.7.6b). Additionally,  
this regime is characterised by negligible creep effects, making PMN-PT crystals a highly 
interesting material for actuator applications [Par02]. According to these properties of PMN-
PT(001), it offers important advantages for utilization as “stretchable” monocrystalline piezo-
substrate for thin films: it is capable of high strain levels, minimum hysteresis and quick 
response to an applied electric field.  
Another crucial issue is the uniformity of in-plane strain. Ferroelectrics are generally non-
cubic, and for sake of energy minimisation, they form domains of different crystallographic 
orientation. Advantageously, rhombohedral crystals polarized along [001] have a constant in-
plane lattice parameter on (001) surfaces, irrespective of the local polarisation direction 
(Fig.7.6b inset). Depending on the actual domain configuration and due to the existence of the 
(usually only few unit cells wide) domain walls, locally deviating strain states may arise. 
However, the rhombohedral distortion of PMN-PT (x = 0.28) is really small: the 
rhombohedral angle deviates by ∼0.1o from 90o at 300 K. Hence, these crystals probably offer 
the best opportunity known so far towards uniform piezoelectric strain control in thin films.  
Monocrystalline actuator platelets of 10x10x0.5 mm3 with Au/NiCr electrodes have been used 
as substrates for thin films. Figure 7.6 shows the field-dependent c lattice parameter of an 
original PMN-PT(001) platelet that has been derived from a refinement of wide-angle x-ray 
diffraction patterns recorded under in-situ applied electric voltage [Lev06, Thi05b]. The 
crystal reversibly expands by 0.1 % in the direction of the electric field, E // [001], with 
vanishing hysteresis and approximately linear strain response. The total expansion parallel 
and perpendicular to the (001) plane of another crystal has been measured by laser 
interferometry under applied electric field (Courtesy of U. Keitel, IKTS Dresden) (Fig.7.6c). 
Upon repeated cycling of the electric field, the reversible elastic response has been achieved 
after about 3 field cycles. The measured crystal had not seen any electric field for several 
months after its poling procedure at the factory. Hence, this training effect might be related to 
a relaxor-like behaviour which leads to some kind of long-time relaxation at ambient 
conditions. The relaxation might be towards a nanopolar state with domains of much lower 
extension than in the poled state.   
The prototype ferromagnetic manganite La0.7Sr0.3MnO3 (LSMO) has been chosen as magnetic 
film for the first in-situ strain experiments. Millis et al. [Mil98b] and Ahn et al. [Ahn04] 
predicted for the family of CMR manganites an unusually strong coupling of electronic and 
elastic degrees of freedom. Many films under static strain from mismatching substrates have 
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been investigated by now, providing accumulated evidence for a strong strain sensitivity. 
However, the values of e. g. the strain-dependent shift of TC differ widely in published work. 
The reason is the different microstructure of the films and the tendency of the elastic strain to 
favour the formation of lattice defects (dislocations, vacancies). Varying strain always has 
also meant exchanging the samples. Here lays the real promise of the in-situ strain variation 
in a film on a piezoelectric substrate, i. e. the opportunity to measure the strain-dependent 
properties directly in one sample.  
In order to grow an epitaxial film on PMN-PT(001), one of the Au/NiCr electrodes has been 
removed and the crystal surface has been polished. The conducting film served as the second 
electrode for application of the electric field afterwards. LSMO films of thicknesses d = 20 - 
290 nm have been grown by off-axis pulsed laser deposition (PLD) from a stoichiometric 
target. The epitaxial orientation of the films has been checked by x-ray diffraction and pole 
figure measurements (Fig.7.7a) [Thi05b]. The strain-induced modulations of the resistance 
(R) and the magnetisation (M) of the La0.7Sr0.3MnO3 films have been studied with a piezo-
voltage |Vp| ≤ 500 V applied to the substrates (Fig.7.7b,c). Closed butterfly-like R hysteresis 
loops are detected during cycling the voltage at the piezo-substrate in both directions, 
originating from the piezoelectric in-plane shrinkage of the substrate. (The misfit-induced 
tensile strain of as-grown films is partially compensated by the piezoelectric strain.) The so 
far observed maximum strain modulation is ∆R = (Rmin – Rmax) / Rmax ~ -30 % at 300 K in a 20 
nm thick film, according to a gauge factor of ∆R/∆a ~ 200 for an in-plane strain of ∆a = -
0.15 %. This value exceeds the gauge factor of commonly employed strain gauges by two 
orders of magnitude, and resembles that of some doped  semiconductors.  
The strain-dependent magnetisation has been measured at a constant magnetic field H along a 
[100] substrate edge using a SQUID magnetometer. Wires had been mounted on the sample 
holder for voltage supply. Modulations of up to 20 % were obtained above room temperature 
for an in-plane contraction of ∆a ∼ -0.12 % (Fig.7.7c). Further, the ferromagnetic Curie 
temperature (TCM) of a 30 nm thick film was found to reversibly increase by up to 7 K (2 %) 
upon 0.12 % of in-plane compression. Ongoing work is devoted to clarify the detailed origin 
of the strong strain dependence of magnetisation and the ferromagnetic transition. The 
magnetocrystalline anisotropy of ferromagnetic manganite films is known to depend on 
epitaxial stress in the sense of stress-induced anisotropy (cmp. 5.3). Therefore, the 
magnetization measured along a hard axis should depend on the biaxial strain state of a film. 
The strain dependence of TC causes another change of the magnetization. Indeed, the strain 
effect is negligible in our experiment at low temperature. Hence, stress-induced anisotropy is  
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Figure 7.7. a) Epitaxial growth of La0.7Sr0.3MnO3 / PMN-PT(001). Strain-induced resistance (b) and 
magnetization (c) modulations in LSMO / PMN-PT(001) films. Film thickness as indicated. The strain as a 
function of electric field can be estimated using Fig.7.6 (lower panel). d) Increase of the ferromagnetic transition 
temperature caused by the field-induced in-plane shrinkage of the film. Note that as-grown films are under 
tensile strain.  
c) 
d) 
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low, as expected for the low magnitude of the piezo-strain. An extreme case is expected if M 
is measured at a temperature in between the TC values of the unstrained and the strained state.  
The magnetic phase of the film could be turned from para- to ferromagnetic by the 
piezoelectrically induced strain, increasing the value of M by 100 %.   
The strong impact of biaxial strain on TC has first been recognized and phenomenologically 
modelled by Millis et al. [Mil98b], see eq.(5.1), for a cubic unit cell. The piezo-strain 
experiment allows us to determine the strain coefficient ∆ in a more reliable way than in 
previous analyses of TC vs. strain data of statically strained films (with possibly varied 
microstructural defects influencing TC). Eq.(5.1) is applied to the non-cubic distorted unit cell 
of our films (in the as-grown as well as in the piezoelectrically strained state) in a way that ε* 
and εB of both states are taken into account. (Hence, neither a linear nor a quadratic 
dependence of TC on the piezo-strain is expected, but a mixed one.) Since we have only 
determined the out-of-plane lattice parameter of the as-grown films and the in-plane strain vs. 
electric field of the substrate, a Poisson number of ν = 1/3 is assumed to approximately hold. 
(This value has been derived by several groups for this film composition [Mau03, Ang04]. It 
might be checked in future by recording both film lattice parameters under piezoelectrically 
induced strain.) According to the assumed Poisson number, εzz = - εxx = - εyy in the films. Note 
that this means the absence of volume conservation. The volume increases with the tensile 
strain εxx > 0. Indeed, the accuracy of ∆ does depend on the bulk coefficient α in eq.(5.1) (the 
changes of TC and the volume under hydrostatic pressure). For the 50 nm LSMO film, ∆ = 
2000 and a TC0 = 370 K has been obtained  [Thi06a] assuming the bulk coefficient α = 2. The 
order of magnitude of ∆ agrees with the prediction of Millis and coworkers (for another 
doping state), and also with estimations obtained from statically strained films.  
In future, piezo-substrates of PMN-PT(001) might open a way to in-situ investigations of 
strain-dependent properties, employing techniques like x-ray diffraction (elastic response of 
films), domain imaging by (magneto)optical or force microscopies, or spectroscopy methods 
addressing strain-dependent electron or phonon excitation spectra. Researchers have been 
provided with a single-crystal substrate for thin films that is “stretchable” just by an electric 
voltage. Larger strain than in the present experiment is accessible by applying a larger voltage 
or reducing the substrate thickness. PMN-PT(001) crystals are capable of larger strains up to 
above 1 % [Par97]. The limiting factors of the recent experiment [Thi05b] were the voltage 
needed to achieve E > 10 kV cm-1 and the avoidance of arcing around the crystal edges. The 
latter poses a serious restriction, but working in vacuum or in transformer oil, and in a simpler 
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approach just covering sample edges with resist in a way to enlarge the length of arcing paths 
should allow one to apply electric fields up to about 50 kV cm-1.  
Note further that the present La0.7Sr0.3MnO3/PMN-PT(001) system gives an example for 
efficient electric control of magnetization at room temperature. Composites of PMN-PT and 
stress-sensitive magnetic materials are very promising for the observation of such 
magnetoelectric phenomena like electric control of stress-sensitive magnetic properties at 
ambient temperatures. Epitaxially grown film stacks on PMN-PT may offer well-defined 
model systems for the investigation of strain effects. 
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8   Conclusions 
  
8.1 Summary 
 
Publications on perovskite manganites are still numerous, exceeding one thousand per year 
since about 1998; now, a saturation and slight decay of activities has been reached. This thesis 
work has been written with the aim to assemble a consistent picture of the magnetic and 
electric / electronic properties of ferromagnetic manganites, including both my own and some 
published results. (The central part of this text has been published as a review article on 
ferromagnetic manganites, see [Dör06a].) Some facts on competing magnetic phases (charge 
and orbital ordered antiferromagnets, glassy phases) have been included, since phase 
competition and coexistence essentially influences the properties of these oxides. The 
microscopic mechanisms that dominate the electronic and magnetic behaviour have been 
described in a phenomenological framework. Magnetic phase diagrams are governed by three 
fundamental chemical parameters that are (i) the doping level, (ii) the electronic bandwidth 
controlled by average ionic radii on the two metal sites in the lattice and (iii) a disorder 
parameter (frequently identified with the variance of the ionic radii at the metal sites). The 
phase diagrams reveal a close “neighbourhood” (with respect to the ground state total energy) 
or even a coexistence of (i) charge and orbital ordered antiferromagnetic insulating, (ii) 
ferromagnetic spin-polarized conducting and (iii) insulating spin glass-like phases.  The 
ferromagnetic state is characterized by low magnetic anisotropy (if not modified by 
substitution of certain rare earth elements). This also leads to a strong impact of stress-
induced anisotropy in strained thin films. The critical behaviour has been claimed to be 
unconventional for some ferromagnetic manganites and is related to the strength of disorder. 
Multicriticality is one of the proposed origins of colossal magnetoresistance (CMR). A higher 
degree of disorder, as obtained e. g. by substitution of other transition metals on the Mn lattice 
site, changes the magnetic state from ferromagnetic to spin or cluster glass-like. The electric 
transport in single crystals and polycrystalline samples is fundamentally different, the latter 
resembling the behaviour of granular ferromagnets. This is due to a large additional resistance 
from magnetically less ordered grain boundaries. Spin-polarized tunneling in La0.7A0.3MnO3 
(A = Sr; Ca) shows record effects at 4.2 K giving evidence for the nearly complete (transport) 
spin polarization of these materials. This low-temperature property is useful for the analysis 
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of the spin polarization of other materials (“spin analyser”). However, strong temperature-
dependent decay of tunneling magnetoresistance attributed tentatively to interface properties 
destroys the chance of application at ambient conditions. Layered heteroepitaxial film systems 
of ferromagnetic manganites with ferroelectric titanates are investigated in an emerging 
research area related to multiferroicity and magnetoelectric phenomena in composite 
materials. They appear particularly promising for biaxial strain control of magnetic properties. 
 
 
8.2 Outlook 
 
About twelve years after the preparation of the first films of ferromagnetic spin-polarized 
manganites, commercial relevance is not yet achieved for this class of materials. Instead, the 
process of discovery of new phenomena related to phase competition and unusual sensitivity 
to many external parameters (magnetic and electric fields, light, lattice deformations etc.)  is 
going on. If this situation might change in near future, is hard to predict. While phase 
diagrams have been revealed for bulk compounds in recent years, there is a lack of systematic 
studies on surface properties and, particularly, on buried interface properties (addressing, for 
instance, interface electronic structure).   
It seems rather unlikely that manganites or other half-metal-like transition metal oxides might 
replace metals like Co, Fe, Ni or their alloys in the “conventional” spin-polarized devices for 
magnetic sensors and memories (MRAMs). The low ferromagnetic transition temperature (for 
most of these oxides) and altered properties of surfaces / interfaces (due to the competition of 
energetically neighbouring phases and the rather complex chemical composition) have turned 
out to be two major obstacles. Similarly, semiconductor-derived microelectronic structures 
like field effect devices with manganite channels or manganite-based diodes are just of 
fundamental interest; they are inferior to the respective doped semiconductor structures. 
Possibly, new concepts for functional devices based on the specifics of strongly correlated 
transition metal oxides might evolve in future. This might include the utilization of the 
inherent strong strain sensitivity of magnetic and electronic properties, or the field- or light-
induced modification of charge and orbital ordering patterns. These can persist up to a higher 
temperature that is about 600 K in some Bi manganites. Another chance lies in the possible 
exploitation of the electric control of magnetism in ferroelectric manganites or composites 
with ferroelectric oxides.   
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List of frequently used abbreviations 
 
 
AFM  atomic force miscroscopy, but also: antiferromagnet(ic) 
CMR  colossal magnetoresistance 
CO  charge order 
GMR  giant magnetoresistance 
FE  ferroelectric 
FM  ferromagnet(ic) 
LSMO  La0.7Sr0.3MnO3 
LAO  LaAlO3 
MR  magnetoresistance 
MFM  magnetic force microscopy 
OO  orbital order 
PLD  pulsed laser deposition 
PM  paramagnetic 
PMN-PT (1-x) Pb(Mg1/3Nb2/3)O3 – x PbTiO3 
PS  phase separation 
PZT  PbZr1-xTixO3 
STM  scanning tunneling microscopy 
STO  SrTiO3 
TEM  transmission electron microscopy 
TMR  tunneling magnetoresistance 
XRD  x-ray diffraction
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Tables of lattice parameters 
 
 
 
composition  
 
lattice parameter  
at 300 K (Å) 
 
properties 
 
LaAlO3 
(LAO) 
 
3.82 
 
dielectric 
diamagnetic 
0.3LaAlO3-0.7Sr2AlTaO6  
(LSAT) 
3.87 dielectric 
(diamagnetic) 
SrTiO3 
(STO) 
3.91 dielectric 
diamagnetic 
Y:ZrO2  
(YSZ) 
5.12 dielectric 
diamagnetic + weak 
paramagnetism 
MgO 4.21 dielectric 
diamagnetic 
NdGaO3 
(NGO) 
5.43 
5.50 
7.71 
dielectric  
paramagnetic 
Nb:SrTiO3 
(Nb:STO) 
3.91 conducting 
(diamagnetic) 
0.72Pb(Mg1/3Nb2/3)O3 – 0.28PbTiO3  
(PMN-PT) 
4.02 ferroelectric, piezoelectric 
 
 
 Table 1: Materials employed as monocrystalline substrates for epitaxial thin film growth, their pseudocubic or 
orthorhombic lattice parameter(s) and the electric and magnetic character. Lattice parameters according to 
www.crystal-gmbh.com and www.crystec.de. 
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Composition  
 
lattice parameter  
at 300 K (Å) 
 
properties 
 
La0.7Sr0.3MnO3 
 
3.871 
 
ferromagnetic 
conducting   
 
La0.67Ca0.33MnO3 
 
5.472 
5.457 
7.711 
 
 
ferromagnetic 
conducting 
 
Pr0.7Ca0.3MnO3 
 
3.85  
(but: orthorhombic) 
 
antiferromagnetic 
dielectric 
 
SrRuO3 
 
3.963 
 
ferromagnetic 
conducting 
 
PbZr0.48Ti0.52O3 
 
4.1   
3.9 
(tetragonal) 
 
diamagnetic 
ferroelectric 
 
BaTiO3 
 
4.00 
(but: tetragonal) 
 
diamagnetic 
ferroelectric 
 
 
Table 2:  Some magnetic or ferroelectric 3d and 4d transition metal perovskite oxides that grow under an 
oxygen pressure of the order ∼ 0.1 – 1 mbar on monocrystalline oxide substrates, their pseudocubic or 
orthorhombic lattice parameter(s) and magnetic / electric characteristics. (Values from various sources.) 
